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ABSTRACT 
 
 Three experiments were conducted to determine the combined effects of purified 
dietary fiber and dietary threonine (Thr) on chick growth and intestinal health. The objectives of 
the first two experiments were to define the individual effect of purified fiber on nutrient 
digestibility, dietary Thr requirements, and intestinal structure of young chicks. Additionally, a 
third experiment was conducted to investigate the immune-modulating properties of purified 
fiber and dietary Thr during an Eimeria maxima coccidiosis infection. In Experiment 1, chicks 
received corn/soybean meal (SBM) based diets containing 7% added silica sand (control), 
cellulose, or high-methoxy pectin through d 14 post-hatch. Inclusion of pectin reduced (P < 0.05) 
weight gain by 32% when compared to other treatments, and resulted in a reduction (P < 0.05) in 
DM digestibility, as well as AMEn, compared with the control diet.. Based on the energy values 
attributed to pectin and cellulose, dietary treatments in Experiment 2 and 3 were designed to be 
isocaloric. In Experiment 2, effects of purified fiber on dietary Thr requirements were 
determined using a Thr-deficient basal (3.2 g/kg diet) diet containing 7% added silica sand 
(control), cellulose, or pectin, and one of 7 graded levels of supplemental Thr (0 to 7.2 g/kg of 
diet). Dietary supplemental Thr requirements in the presence of silica sand (control), cellulose, 
and pectin were estimated at 778, 737, and 576 mg of supplemental Thr intake over the 14-d 
feeding period, respectively, based on body weight gain. In Experiment 3, diets were based on 
the same semi-purified basal diet used in Experiment 2, but the fiber-containing diets were 
supplemented with 1.8 or 5.3 g of Thr/kg diet [75 and 125% of the previously determined Thr 
requirement (6.8 g Thr/ kg diet) in Experiment 2]. In Experiment 3, body weight gain, feed 
intake, and gain:feed increased (P < 0.01) with the addition of 5.3 g of Thr/ kg diet. Eimeria. 
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maxima schizonts were only present in intestinal tissue sampled from infected birds (P < 0.01). 
Cecal content weights were highest (P < 0.01) in pectin-fed birds. Cecal tonsil IFNG and 
mucosal scrapings IL-12 were increased (P < 0.01) in the control diet with infection. These 
findings suggest that both fiber source and dietary Thr concentration affected growth 
performance and intestinal health indices in young chicks, which may directly impact poultry 
feeding strategies. 
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Chapter 1 
 
INTRODUCTION 
 
The United States is the world’s largest poultry producer and second largest egg producer 
and exporter of poultry meat (USDA, 2009). The United States Department of Agriculture 
(USDA) reported that the total value of the poultry industry in 2010 was over $20 billion. 
Economically, the broiler industry makes up the largest portion of the earnings per year, 
followed by the sale of eggs, turkeys, and other chickens. In 2009, consumption of trimmed 
boneless chicken in the United States was 123 kg per capita per year. Chicken is the most 
consumed meat in the United States over beef and pork individually, but not of red meat overall. 
The United States egg industry produces over 90 billion eggs every year, with most consumed 
domestically and few egg exports. United States per capita consumption of eggs and related 
products is approximately 250 eggs per year. Therefore, based on the sheer amount of poultry 
products consumed in the United States alone, it is important for the poultry industry to not only 
maintain, but continually advance, efficiency and rate of production. One major contributor to 
decreased production is disease. It is generally recognized in the poultry industry that coccidiosis 
resulting from exposure to various Eimeria species is the most frequently reported, and most 
economically devastating, disease worldwide (Biggs, 1982; De Gussem, 2007); the United States 
alone loses over $1.5 billion annually due to this disease (Lillehoj and Lillehoj, 2000). There are 
many different coccidiostats (i.e., anticoccidial drugs) available to poultry producers to reduce 
incidence of infection, and most commercial chicken feed in the United States contains a 
coccidiostat (Lillehoj and Lillehoj, 2000). However, controlling coccidial infections with 
medicated feed is not only expensive, costing the industry $300 million annually, but evidence 
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suggests some of these medications may be less effective due to development of resistant 
Eimeria species (Lillehoj and Lillehoj, 2000). Both live attenuated and non-attenuated vaccines 
are also available, but live vaccines themselves can cause just as many problems as the disease 
itself (De Gussem, 2007). Disease, waste management, and new legislation all are factors that 
could alter current production rates. Disease management in particular is becoming more 
difficult due to new regulations regarding preventative drug use. These laws already have taken 
effect in the European Union, and measures are being taken to change regulations in the United 
States as well. Therefore, it is important for the poultry industry to explore nutritional 
preventative measures to maintain and ensure maximal productivity. 
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Chapter 2 
 
 
LITERATURE REVIEW 
 
 
  Profiling intestinal health is critical as new specialized ingredients are increasingly added 
to poultry diets. Dietary fiber is of special interest because of its natural inclusion within 
common feed ingredients. Fiber is an inherent part of plant materials, to which there are three 
main groups: cellulose, non-cellulosic polymers, and pectic polysaccharides (Bailey and 
MacRae, 1973). Soluble fiber (e.g., pectic polysaccharides or pectin) can cause decreased 
nutrient utilization (Józefiak et al., 2004), and insoluble fiber (e.g., cellulose) exhibit abrasive 
qualities within the gastrointestinal tract (GIT) (Montagne et al., 2003). Due to the complex 
association between fibrous components of plant-based feedstuffs, it is important to understand 
the individual effects of each in vivo. As the gut environment is altered, it is important to 
maintain GIT barrier function against pathogens. The mucus layer is dynamic, i.e., constantly 
being degraded and re-synthesized, and is involved in protecting and lubricating the GIT, as well 
as aiding in nutrient transport (Montagne et al., 2004). Mucin plays a key role in GIT protection 
and previous research suggests that addition of dietary fiber alters both the amount and type of 
mucin that is produced (Faure et al., 2005). The amino acid, threonine (Thr), constitutes a 
considerable portion of the amino acid backbone of the secretory MUC2 mucin protein (Gum et 
al., 1992). It has been suggested that the dynamics of mucin within the gut may be sensitive to a 
Thr deficiency (Faure et al., 2005;Horn et al., 2009). Therefore, it is important to understand the 
interaction between purified fiber and Thr on chick growth and intestinal health to determine if 
they play a role in preventative measures against pathogens. 
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Digestive and Immune Function in the Chicken 
Characteristics and Function of the Gastrointestinal Tract 
The GIT of avian species is unique when compared to mammalian anatomy. Extending 
from the esophagus is the crop, which largely serves as a food storage site (Figure 2.1). Caudal to 
the crop is the mammalian equivalent of the stomach, which is split into two parts in the bird. 
The first part is the proventriculus, or glandular stomach, which produces hydrochloric acid and 
enzymes to aid in macronutrient digestion. The second part of the stomach is the ventriculus (i.e., 
gizzard) or the muscular stomach, which is used to grind large particles. Birds ingest grit (e.g., 
small stones) that remains in the ventriculus to aid in pulverizing ingested particles. As in 
mammals, the chicken’s small intestine is comprised of the duodenum, jejunum, and ileum. The 
duodenum is in the shape of a loop that encircles the pancreas. The jejunum is defined as the 
portion of the small intestine that is attached to the duodenal loop and extends to the yolk 
remnant or the Meckel’s diverticulum. This is also where the ileum begins, and the ileum 
comprises the remainder of the intestine extending to the cecal junction. The ileocecal valve is 
present at this site where two relatively large ceca and the ileum are joined. The ceca are the 
main site of fermentation within the chicken, and the ceca discharge contents into a relatively 
short large intestine (3-4 inches), that empties at the cloaca. The bursa of fabricius also is present 
at the cloaca and is the site of B cell formation (Friedman et al., 2003).  
There are many differences between the GIT of the chick and that of mammals. When 
looking at brush border membrane development in mammals, intestinal development can be an 
indicator of stage of gestation, e.g., a human fetus at 20 weeks gestation possesses an intestine 
that is as mature as a newborn’s (Lebenthal, 1989). Conversely, other altricial species (e.g., rats) 
do not have formed villi until immediately prior to birth (Montgomery et al., 1981). The mature 
polar enterocyte has a defined cellular structure that is ideal for nutrient uptake. With regard to 
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avian species, Greyra et al. (2001) observed that enterocytes of the chick were round in shape 
and lacked a defined brush border membrane at hatch, indicating a general lack of polarity. 
However, in as little as 24 h post-hatch, the brush border membrane was characterized as fully-
formed due to increased polarity of the enterocytes.  
As is common in intestinal development, small intestinal epithelial cells proliferate in the 
crypts and migrate toward the villi tip. An increased number of enterocytes enhances the 
absorptive function of the brush border membrane (Simon and Gordon, 1995). Crypts are very 
important to nutrient absorption because they provide enterocytes to increase the absorptive 
surface area of the brush border membrane, as well as increasing the cell renewal rate. At hatch, 
crypts are underdeveloped, but by 48 hrs post-hatch, invagination is complete and crypt numbers 
increase by branching and fission. By 72 hrs post-hatch, the number of crypts per villus reaches a 
nadir (Geyra et al., 2001). The number of crypts attached to each villus influences the ability of 
that villus to grow (Figure 2.2). Importantly, absorptive capacity of the small intestine is dictated 
by the brush border membrane; therefore, its development is critical for efficient nutrient 
absorption. 
Before hatching, the sole source of nutrients for a chick is the yolk; at day 19 of 
incubation, the yolk is internalized and continues to supply energy to the chick post-hatch until it 
is replaced by exogenous dietary nutrients (Uni et al., 1998). At hatch, the liver, gizzard, and 
small intestine make up the largest percentage of total body weight, but by d 7-8 post-hatch, the 
small intestine becomes the largest percentage of body weight (Dror et al., 1977;Nir et al., 
1993;Nitsan et al., 1991).  If a chick does not receive adequate nutrient intake during the first 48 
h post-hatch, the yolk will be utilized and the chick may lose weight overall, but the intestine 
will continue to increase in size (Noy and Sklan, 1999). Uni et al. (1999) examined the growth of 
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the small intestine during the first 12 days post-hatch and found that the jejunum and ileum 
increased most in length while the duodenum increased most in mass. Duodenal enterocytes 
immediately post-hatch are more developed than those of the jejunum and ileum, and this trend 
was also apparent in villus growth in the duodenum. Growth is complete by d 7 post-hatch, but 
jejunal and ileal growth continues to increase through 14 days post-hatch (Uni et al., 1999). 
Evidence suggests that the duodenum, jejunum, and ileum all develop at different rates, which 
may affect nutrient absorption early in life of the chick. 
For ingested nutrients to be properly absorbed and utilized, the enzymes necessary for 
nutrient degradation must be present. In the newly hatched chick, the body must undergo many 
metabolic changes to transfer the bird’s dependence from yolk to exogenous nutrients. Enzymes 
secreted from the stomach, pancreas and small intestine must be available to process those 
nutrients. Marchaim and Kulka (1967) observed that enzymes secreted from the pancreas were 
present within the intestine in late embryonic development within the egg. Once the chick starts 
to consume exogenous feed, the GIT (as well as many other organs) rapidly begins to develop. 
Uni et al. (1999) reported that enzyme activity per unit mass of intestine was closely related to 
the number of enterocytes present per villus after day 2 post-hatch. By day 4 post-hatch, 
digestive enzymes in the chick are thought to remain constant per gram of feed intake (Noy and 
Sklan, 1995;Noy and Sklan, 1999;Uni et al., 1995). Additionally, Noy and Sklan (1995) 
determined that by day 4 post-hatch, digestion of starch, protein and fat was 84, 78, and 87%, 
respectively, but by day 21, protein digestibility was up to 90%. Therefore, digestion of protein 
is lower than that of fat and carbohydrate at day 4 post-hatch, indicating that digestive enzymes 
develop at different rates in young birds.  
 8 
 
The ability of the chick to utilize nutrients increases with age (Uni et al., 1999). Batal and 
Parsons (2002) evaluated the ability of young chicks to digest common feedstuffs (e.g., corn and 
soybean meal (SBM)) between hatch and 21 days post-hatch. They found that by day 14 post-
hatch, chicks were able to maximally utilize nutrients. Batal and Parsons (2002) also suggested 
that improvement in nitrogen-corrected metabolizable energy (MEn) utilization of feedstuffs was 
not only due to increased protein digestibility, but also the digestion of fat and starch. 
Differences in MEn utilization with age may be attributed to immaturity of the gut until day 7-10 
post-hatch. Therefore any nutrient digestion studies should take place after day 7 post-hatch to 
provide accurate, applicable results. 
  Another aspect of the GIT that is important for nutrient utilization is the mucus layer. 
Intestinal mucus is a gelatinous layer, consisting mainly of mucin glycoproteins, that covers gut 
epithelial cells.  In terms of nutrient breakdown and absorption, mucus lubricates digestive 
contents, allowing small nutrient particles to remain in close proximity to the absorptive 
enterocytes (Pearson and Brownlee, 2005). The mucus layer is dynamic, i.e., constantly being 
degraded and re-synthesized, and is involved in protection, lubrication, and nutrient transport 
(Montagne et al., 2004). Mucus consists of mucins, secretory antibodies, surfactants, free lipids, 
polysaccharides, enzymes, digesta, and sloughed cellular material (Pearson and Brownlee, 2005).  
The mucus layer can be subdivided into the loosely-adherent and the firmly-adherent layers 
(Atuma et al., 2001, Figure 2.3).  Mucus increases in thickness distally through the intestine, and 
in rats, the mucus layer is four times thicker in the ileum and colon when compared with the 
jejunum and duodenum (Atuma et al., 2001, Figure 2.3).  Mucus acts as a barrier in the GIT, 
protecting the gut wall from secreted digestive enzymes, foreign pathogens, and acidic chyme 
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present in the gut lumen (Pearson and Brownlee, 2005). The thickness and viscosity of mucin 
help to deter pathogens by physical impairment (Deplancke and Gaskins, 2001). 
Mucins are characterized by their O-glycosylated domains; clustered O-linked 
oligosaccharides result in the long conformation (Verma and Davidson, 1994). All mucins 
consist largely of carbohydrates (50 to 80%) surrounded by a protein backbone (Montagne et al., 
2004). All mucins contain a common region of repeating amino acids called the variable-
number-of-tandem-repeats-region. Threonine (Thr), serine, proline, alanine, and glycine are the 
major amino acids that constitute the protein backbone of the mucin molecule (Montagne et al., 
2004), and Thr and serine constitute up to half of the amino acids found in the tandem repeat 
regions. In a study with dairy calves, Montagne et al. (2000) found that Thr and serine each 
represented approximately 18.8% of the mucin protein structure on a molar basis. The free 
hydroxyl groups of Thr and serine are particularly important for creating ester linkages between 
carbohydrate groups and the mucin protein backbone. Mucin monomers bind together by their 
disulfide bridges to form large polymers present in mucus (Montagne et al., 2004). Lein et al. 
(1997) found that in pigs, 90% of the carbohydrates represented were N-acetylgalactosamine, N-
acetylglucosamine, galactose, or fucose. 
Mucin can be found in the chyme due to proteolytic breakdown or abrasion from dietary 
components (Montagne et al., 2004) (Figure 2.4).  Mucin released into the lumen is protected 
from further proteolysis by the oligosaccharides that are attached to the mucin protein backbone 
(Hoskins, 1984).  Mucin is poorly digested within the intestine and is excreted from the animal, 
representing a large proportion of the endogenous protein that reaches the large intestine 
(Hoskins, 1984). Montagne et al. (2004) determined that when a wheat bran diet at 150 g/kg was 
added to a protein-free diet and fed to pigs, excretion of N and galactosamine at the terminal 
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ileum was doubled from the control (indicative of increased mucus sloughing or secretion). 
Mariscal-Landin et al. (1995) also noted that a mixture of fibrous feeds (e.g. wheat straw, corn 
cobs, and wood cellulose) increased ileal secretion of mucin at the terminal ileum.  Fermentative 
products [e.g. short-chain fatty acids (SCFA)] have beneficial effects within the GIT, but as the 
ratio of carbohydrates to nitrogen decreases in the digesta that encounters the fermentative 
organs, fermentation becomes more proteolytic. The products of mucin fermentation have not 
been established (Montagne et al., 2004). 
Mucin proteins are encoded by a variety of mucin (MUC) genes. A total of 13 MUC 
genes have been characterized 10 of which are found in the GIT (Montagne et al., 2004). There 
are two types of mucins, gel-forming soluble, or membrane-bound (Montagne et al., 2004).  Gel-
forming or loosely-adherent mucins are represented by MUC2, 5AC, 5B, and 6 genes, soluble 
mucins by the MUC7 gene, and membrane-bound by MUC1, 3, 4, and 12 genes (Montagne et 
al., 2004). The MUC2 gel-forming mucin is the mucin secreted at the highest concentration in 
the small intestine (Herrmann et al., 1999). Transcriptional regulation of the MUC2 gene could 
be induced by microbes, microbial products, toxins, cytokines, and hormones (Andrianifahanana 
et al., 2006). Intestinal goblet cells synthesize secretory mucins, as well as epithelial membrane 
bound mucins (e.g., MUC1, 3, and 17) within the intestine (Kim and Ho, 2010). Like 
enterocytes, goblet cells originate in intestinal crypts and migrate toward the villi tips (Kim and 
Ho, 2010)   There are more goblet cells along the base of the villi than at the tip, and goblet cells 
at the base of the crypt are very tightly packed together and not individually discernible (Martin, 
1961). The lifespan of a goblet cell is only 3-5 days; therefore, goblet cell type can fluctuate 
relatively quickly depending on the stimulus. 
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Mucins also can be subdivided by the charge of the mucin carbohydrate structure as 
acidic or neutral, as well as sulfated or non-sulfated. Due to these structures, mucin can be 
considered a highly charged molecule (Verma and Davidson, 1994). Acidic mucins have been 
hypothesized to serve as an innate barrier against pathogens as the immune system develops in 
young animals (Cebra, 1999).To differentiate between the different types of mucin (acidic or 
neutral), the stain Alcian Blue and periodic acid-Schiff (AB-PAS) can be used. Alcian Blue (pH 
2.6) stains for sulphomucins, as acid hydrolysis that occurs during the staining procedure 
removes all the sialomucins (Jones and Reid, 1973). Periodic acid-Schiff stains the areas left 
vacant by sialomucin hydrolysis as well as areas of neutral glycoproteins. After staining, a goblet 
cell can be stained blue (acidic), red and blue (purple/mixed), or red/pink (neutral) (Jones and 
Reid, 1973). This colorimetric determination allows for differentiation between goblet cell types 
within the intestine. 
Characteristics and Function of the Avian Intestinal Immune System 
Gut associated lymphoid tissue, or GALT, is the main defense for the GIT against foreign 
pathogens. The GALT system generally recognizes antigens in two forms: harmless antigens that 
are dietary nutrients that should not initiate an immune response, and pathogenic antigens that 
should provoke an immune reaction. Overall, defining harmful antigens in the gut is tedious and 
depends on the interaction between immune cells and contents of the intestinal tract (Friedman et 
al., 2003). The foregut of the chicken is sparse in lymphoid tissue (Befus et al., 1980), but the 
hindgut (characterized as distal to the ileocecal junction) has numerous lymphoid follicles, 
mostly due to the cecal tonsils located at that junction (Del Cacho et al., 1993). In general, large 
intestine is devoid of lymph nodes, until the bursal canal is reached. The bursa of Fabricius is 
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regarded as the organ where B cell differentiation occurs. Friedman et al. (2003) noted that the 
bursa can also act as a peripheral lymph node; mammals lack a similar organ.   
  Differences between the avian and mammalian immune systems mainly focus on major 
histocompatibility complex (MHC) molecules (Kaufman et al., 1999), presence of specific 
lymph nodes, and generation of antibody diversity (Reynaud et al., 1985). The avian immune 
system is divided into humoral and cellular branches. Humoral immunity is controlled by the 
bursa of Fabricius, with B lymphocytes secreting antibodies as a main characteristic (Sharma, 
1991). The thymus is present in both mammalian and avian species and is in control of the 
cellular immune system. The thymus of the chicken is composed of multiple lobes and is located 
along the side of the neck; this is where T lymphocytes develop with a principle function in 
cellular immunity. Other cells involved include macrophages, dendritic cells, and natural killer 
cells (Sharma, 1991). T cells differentiate into subpopulations, each with different effector 
functions. B cells differentiate into plasma cells that each secrete pathogen-specific antibodies 
(Sharma, 1991). 
 Immune responses are coordinated by intercellular messenger molecules called cytokines. 
Cytokines are glycoprotein molecules that are produced by many different types of immune 
cells, and include interferons (IFN), interleukins (IL), colony-stimulating factors (CSF), 
transforming growth factors (TGF), and tumor necrosis factors (TNF). Each of these families 
contains many diverse members across all species of animals. The role of each cytokine is 
important due to different antigen stimulation; for example, interleukins (IL) are highly involved 
with lymphocyte regulation and stimulation, and IFN have anti-viral effects (Kaiser et al., 2005). 
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Dietary Fiber 
Poultry diets are primarily based on plant-based ingredients, with carbohydrates serving 
as the main source of energy. Chickens have no difficulty digesting most of the sugars and 
starches from the diet, but very rarely digest the fibrous components.  Dietary fiber is defined by 
the Institute of Medicine (2002) as “non-digestible carbohydrates and lignin that are intrinsic and 
intact in plants.” The term, dietary fiber, includes cellulose, pectin, gums, hemicelluloses, and β-
glucans. Many common feed ingredients used in poultry nutrition contain dietary fiber; e.g., 
barley, corn (high amylose content), and oats contain 17.0, 19.6, and 37.7 g of total dietary 
fiber/100 g dry matter, respectively (Bednar et al., 2001). Dietary fiber is not hydrolytically 
digested by enzymes secreted into the lumen of the small intestine by mammals or birds, but 
fiber is fermented by the resident anaerobic microbiota in the large intestine or ceca (Józefiak et 
al., 2004).  
Fibrous byproducts like dried distillers grains with solubles (DDGS), a corn-based 
byproduct of ethanol production,  is one example of a common additive in poultry diets,  DGGS 
is a rich source of crude protein, amino acids, and phosphorus for poultry (Światkiewicz and 
Koreleski, 2008), but the nutritional properties of DDGS are variable. Cromwell et al. (1993) 
found that nutrient composition of DDGS differed not only between producers, but from the 
same producer from year to year. This change in nutrient composition could affect the beneficial 
properties of feed byproduct. Overall, the addition of DDGS to poultry feed has positive growth 
effects when fed at the proper amount (Światkiewicz and Koreleski, 2008). The inclusion of 
DDGS into poultry diets can improve growth performance. Not all fibrous factions within these 
ingredients have beneficial effects.   
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There are three main groups of fiber: cellulose, non-cellulosic polymers, and pectic 
polysaccharisdes (Bailey and MacRae, 1973). Soluble fiber (e.g., pectic polysaccharides or 
pectin) are generally thought to have antinutritive effects, and insoluble fiber (e.g., cellulose) 
have been seen to be abrasive within the GIT (Józefiak et al., 2004). Due to the complex nature 
by which individual fibrous components interact in a plant-based feedstuff, it is important to 
study the effects of purified forms of fiber on nutrient utilization (Larsen et al., 1993). 
Specifically, the effects of purified dietary fiber on gut structure, mucus thickness, nutrient 
absorption (especially amino acid absorption), and modulation of the immune system should be 
evaluated.  
Non-Fermentable Carbohydrates and Their Properties 
Fermentation. Cellulose is a polysaccharide that consists of a linear chain of β (1-4) 
linked D-glucose units and is the most abundant organic compound on earth. In ruminants, only 
5-21% of cellulosic material will be digested by protozoa, the majority is digested by bacteria 
(Dijkstra and Tamminga, 1995). Very few anaerobic microorganisms present in the rumen have 
the ability to break down cellulose e.g. Ruminococcus albus, Ruminococcus flavefaciens, and 
Bateriodes succinogenes (Hungate, 1966). Therefore in monogastric diets cellulose is commonly 
used as a bulking agent or an inert ingredient (Hetland et al., 2004;Montagne et al., 2003)(e.g., 
Solka-Floc® commonly used in chicken diets). 
Cellulose has relatively low solubility (Shiau and Ong, 1992). Insoluble fiber like 
cellulose and xylans have some water holding capacity, but have relatively low viscosities (Smits 
and Annison, 1996). The fermentation of insoluble fibers by the GIT bacterial populations in 
poultry is very low, which makes its effect on the number and type of microbes present 
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insignificant (Choct et al., 1996;Langhout, 1998). The more insoluble the fiber, the longer it 
takes to be degraded or fermented within the GIT. The addition of bulk to the diet increases 
transit time of the digesta, thus the nutrients are digested the entire length of the GIT (Montagne 
et al., 2003). Insoluble dietary fiber is not well utilized by young animals, but ability increases 
with age (Shi and Noblet, 1993). Cellulose can have an abrasive quality on the gut, yielding an 
increase in mucus secretion (Józefiak et al., 2004).The addition of fiber to the diet increases dry 
matter flow and endogenous losses from both endogenous and exogenous sources (Montagne et 
al., 2003).  
Intestinal Health. The effects of cellulose on intestinal morphology vary only slightly 
among species. Paulini et al. (1987) observed that supplementation of diets with 10% cellulose in 
African green monkeys did not have a negative impact on the morphology of the intestine, but 
increased the number of necrotic cells in the lamina propria. Cassidy et al. (1981) noted that 
neither feeding cellulose at 15% of the diet for 6 weeks or 10% of the diet for 12 weeks had any 
apparent effect on the small intestine morphology of rats. Cellulose supplemented pigs also had 
no changes in gut morphology due to cellulose (Moore et al., 1988). Chiou et al. (1994) observed 
very little difference in intestinal morphology between rabbits supplemented with 12% cellulose, 
or pectin, but addition of fiber significantly shortened villus height from the control. Moran et al. 
(2006)  found that in poultry, due to the increase in digesta thickness, intestinal motility also 
intensifies, and the villi lengthen within the GIT to maximize nutrient uptake (Moran, 2006). 
Insoluble fibers have been observed to have an abrasive effect on the gut by increasing 
mucus sloughing. Mucus is in a constant state of synthesis and degradation. After its erosion by 
fiber in the diet, the amount of mucus within the GIT must be balanced by its increased secretion 
from goblet cells (Montagne et al., 2004). Therefore, the addition of cellulose to the diet can 
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increase the number of goblet cells present within the small intestine (Vahouny et al., 1985) and 
the amount of mucus secreted (Cassidy et al., 1981). The mucus layer acts as an impermeable 
barrier, protecting the underlying mucosa from many pathogens. The thickness and viscosity of 
mucin help to deter pathogens by physical impairment (Deplancke and Gaskins, 2001). 
Alternatively it has been reported that the increase in mucus secretion elicited by fiber allows the 
mucus to become a retention area for pathogens. When interacting with mucin, a bacterium can 
bind so strongly that mucin will end up protecting the pathogen from outside abrasion. This act 
can be an important a step in the pathogens colonization of the GIT (Montagne et al., 2003). 
Therefore, the addition of insoluble fiber’s to the diet, which increases mucin secretion into the 
lumen, can benefit both commensal and pathogenic bacteria (Montagne et al., 2003). 
Fermentable Carbohydrates 
Digestion and Fermentation. The GIT contains a complex ecosystem of microbes. In 
pigs and chickens, microbes make up 600 g/kg of the wet weight of their feces or excreta (Choct 
and Kocher, 2000). Therefore, proper substrates (e.g. carbohydrates that are not digested in the 
upper GIT and reach the hindgut) must be fed to maintain the diverse ecosystem of microbiota 
that exists within the animal. The microbiota present in the ceca of domestic broiler chickens is 
less able to ferment dietary fiber compared with other non-ruminant animals (Carre et al., 1990). 
Fermentative byproducts of soluble fibers include short-chain fatty acids (SCFA), ammonia, 
carbon dioxide, and methane (Jamroz et al., 2002). The SCFA and branched chain fatty acids 
(BCFA) produced in the ceca of the chick are identical to those produced during fermentation in 
foregut and hindgut fermenters. The major SCFA produced are acetate, propionate, and butyrate; 
other acids like the BCFA (isobutyrate, valerate, and isovalerate) also are produced but in trace 
amounts (Annison et al., 1968).  
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Glucose is the most important energy source in birds, and is indispensable for neural 
tissue, but SCFA can also be used for energy under certain conditions (Carre et al., 1995). In 
chickens, it is not until after hatch that the microbial population inhabits the GIT (Annison et al., 
1968); therefore, the concentration of fermentative end-products changes as a chicken ages 
(Barnes, 1979). Van der Wielen et al. (2000) observed that acetate was present in chicks 3 days 
post-hatch, but butyrate and propionate were not detected until 12 days post-hatch. The 
metabolism of acetate, propionate and butyrate are all different. Acetate mainly enters the portal 
system and serves as an energy source for peripheral tissues, whereas propionate is utilized by 
colonocytes and is mainly metabolized in the liver, and butyrate has been implicated in 
colonocyte health for multiple species (Choct and Kocher, 2000). Overall, the contribution of 
SCFA to daily metabolizable energy intake is low, around 2-3% of total energy intake 
(Jorgensen et al., 1996).  
Soluble fibers, like pectin, which is a partially methoxylated polymer of galacturonic acid 
(Brown et al., 1979), bind large amounts of water during fermentation. This water binding 
capacity increases the viscosity of the digesta contained within the GIT, thereby creating a gel-
like consistency (Langhout et al., 1999). One reason soluble fibers often are considered to 
possess anti-nutritive effects is because increased digesta viscosity hinders the interaction 
between dietary nutrients and digestive enzymes, with the ultimate result being reduced nutrient 
absorption (Józefiak et al., 2004). As such, addition of high-methoxy pectin to chicken diets 
decreased concentrations of SCFA in cecal chyme (Langhout and Schutte, 1996), and reduced 
overall weight gain and nutrient utilization in growing chicks (Langhout et al., 1999;Mosenthin 
et al., 1994). 
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Gut Morphology. The addition of soluble fiber to the diet increases digesta viscosity and 
negatively affects nutrient absorption (Mosenthin et al., 1994). Changes in nutrient availability 
or, more specifically, nutrient deprivation may concomitantly affect intestinal morphology (Dou 
et al., 2002). Addition of dietary pectin caused increased mucosal thickness in the rat (Brown et 
al., 1979). As the digesta becomes more viscous, the peristaltic movements of the intestine to 
move the intestinal contents through the GIT increases, which may cause a thicker mucosal layer 
to form. Pectin also has been reported to decrease villus height and increase crypt depth (Jacobs, 
1983;Mosenthin et al., 1994). The presence of highly viscous digesta increases the rate of villus 
cell loss, which could lead to villus atrophy. This atrophy subsequently increases the number of 
cells produced in the crypt, thereby increasing crypt depth (Montagne et al., 2003). As an 
indicator of mucus production, the number of goblet cells present in the GIT also has been 
observed to increase with the addition of soluble dietary fiber (Cassidy et al., 1981).  
Some fermentable fibers have been observed to have beneficial effects on the gut. 
Mannanoligosaccharide (MOS) is a mannan-based carbohydrate extracted from the outer cell 
wall of yeast (Spring et al., 2000). The beneficial effects of MOS on health are well documented. 
MOS is considered a prebiotic or a non-digestible feed ingredient that has beneficial effects on 
the host by stimulating the growth of commensal intestinal microorganisms (Gibson and 
Roberfroid, 1995). The addition  of MOS to the diet  has been observed to increase mucin 
secretion and number of goblet cells per villus, as well as change villus height and area  
(Baurhoo et al., 2007). Commercial MOS also can effectively suppress enteric pathogens, and 
enhance the immune response (Spring et al., 2000). 
Relationship with the Intestinal Immune System. The use of fermentable fibers and 
specific immunomodulating products are becoming more in demand as pharmaceutical drug 
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regulations become more restrictive. Fibers that can improve intestinal health and the immune 
status of the host, are also called prebiotics (Anderson et al., 2009). Prebiotics are defined as 
indigestible feed ingredients that have beneficial effects on the growth and metabolic activity of 
the host microbiota (Gibson and Roberfroid, 1995). The addition of pectin to the diet may 
impose the same protective effects on parasites exhibited by the intestinal mucus layer. Pectin, 
through its increase in digesta viscosity, may decrease the ability of the pathogen to colonize 
within the GIT through physical impairment. The normal range for the chicken cecal pH is from 
6.7 to 7.8 in healthy animals (Goldstein, 1989). High rates of fermentation within the ceca have 
been correlated with a lower pH (van der Wielen, 2000), which may inhibit some pathogenic 
bacteria by altering their ability to transfer ions across the membrane of the bacterial cell 
(Russell, 1992), Van der Wielen (2000) observed that acetate is very effective at inhibiting 
pathogenic bacteria through this mechanism. 
 
Threonine 
In poultry, Thr (2-amino-3-hydroxybutyric acid) is typically the third limiting amino acid 
in low-protein diets. Threonine cannot be synthesized de novo by mammals or birds, so it is 
considered an indispensable amino acid. DL-Threonine has both alpha and beta carbons and, 
thus, there are 4 isomers of Thr (L, D, L-allo, and D-allo), but poultry can only utilize the L-Thr 
isomer. Threonine is involved in protein synthesis, and when it is catabolized, it produces 
glycine, aceytl-CoA and pyruvate, all of which are important for metabolism (Kidd and Baker, 
1996).  
Since its discovery by W.C. Rose in 1935, the requirement of Thr by the chicken has 
been studied extensively. Estimates of the Thr requirement range from 0.58 to 0.79% of the diet 
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(Kidd and Baker, 1996). The current National Research Council (NRC) (1994) dietary 
recommendations for poultry summarizes the Thr requirement for various poultry species. For 
example, the Thr requirement of meat-type birds, like broilers, at 0-3 weeks of age is 8.0 g/kg of 
diet (NRC, 1994), which is higher than that previously determined (which may be due to their 
fast growth rate). Some research suggests the dietary Thr requirement of broilers may actually be 
below the current NRC recommendation (Kidd et al., 2001;Thomas et al., 1987); therefore, the 
Thr requirement estimate remains a debated point. Threonine is an important, and sometimes 
limiting, amino acid for both poultry and swine, partly because it has a high maintenance 
requirement due to its prevalence in body protein relative to lysine (Edwards et al., 1997). 
Therefore, investigating conditions that may affect Thr metabolism are warranted to maximize 
production of agriculturally important species. 
Metabolism 
As a component of protein turnover, amino acid metabolism is integrally involved in 
protein synthesis and degradation. Nitrogen derived from amino acids is predominantly 
incorporated into uric acid in avian species, and the carbons are converted into glucose and fat as 
well as CO2 and H2O as part of energy utilization (Kidd and Baker, 1996). Catabolism of Thr 
occurs in the liver and pancreas, and yields both pyruvate and propionate; thus, Thr is considered 
both a glucogenic and ketogenic amino acid. The three enzymes involved in Thr catabolism are 
Thr dehydratase, Thr dehydrogenase (Thr oxidation in mammals), and Thr aldolase (Thr 
oxidation in avians) (Kidd and Baker, 1996). Threonine dehydratase is also known as serine 
dehydratase and it uses pyridoxal-5’-phosphate to degrade Thr into alpha-ketobutyrate and 
ammonia (this pathway occurs in both mammals and avains). The carbon skeleton of Thr after 
catabolism is donated to the formation of pyruvate for energy or glucose production. Glycine and 
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acetaldehyde are also produced as part of Thr metabolism by Thr aldolase (Kidd and Baker, 
1996). Glycine is important in the synthesis of protein, creatine, serine, uric acid, bile salts, and 
glutathione.  
In pigs, over 70% of first-pass amino acid metabolism that occurs in the splanchnic 
tissues is by the intestine (Stoll et al., 1998, 1999). In humans, only 20-50% of essential amino 
acids are extracted during first-pass metabolism (Biolo et al., 1992;Hoerr et al., 1991;Matthews 
et al., 1993). For the dispensable amino acid, glutamate, over 90% of dietary intake is extracted 
during first-pass metabolism in both humans and pigs (Battezzati et al., 1995;Reeds et al., 1996). 
Therefore, the intestine accounts for a significant amount of amino acid metabolism (Schaart et 
al., 2005). The indispensable amino acid, Thr, is the most used amino acid by portal-drained 
viscera (PDV) (Schaart et al., 2005). First-pass metabolism of Thr accounts for 60-80% of 
dietary Thr intake when an animal is fed a balanced diet (Stoll et al., 1998). Most Thr  retained in 
the intestine is utilized for the production of mucosal and secretory protein because Thr oxidation 
represents only approximately 2-9% of the total Thr utilized in the intestine (Schaart et al., 
2005). Intestinal Thr oxidation accounts for one-eighth of the total amount of Thr oxidized 
within the body (Schaart et al., 2005). Additionally, Schaart et al. (2005) found that the PDV 
extracts a large amount of systemic Thr to be incorporated into mucosal proteins regardless of 
protein intake level. This suggests that Thr incorporated into intestinal proteins allows for some 
Thr recycling, leaving it available for peripheral tissue utilization. Schaart et al. (2005) also 
noted that during times of protein restriction, the PDV switches from the use of both dietary and 
systemic Thr to only luminal utilization of Thr. 
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Mucus Layer and Mucin 
Threonine is critical for intestinal growth due to its importance in the structure of mucins, 
a main component of the mucous layer (Burrin and Stoll, 2002). Gum et al. (1992) described the 
human MUC2 mucin protein as a large secretory glycol-conjugate that coats the epithelia of the 
intestines and other mucus containing organs. The MUC2 protein contains an extensive 
polypeptide backbone that contains over 4500 different residues. These amino acid residues can 
be divided into 3 major domains, the largest being the tandem repeat array, which contains 984 
amino acids. The carboxyl-terminal domain consists of a mucin-like subdomain containing 11% 
Thr, 10% serine, and 2% proline. Both serine and Thr possess a free hydroxyl group that is 
necessary for ester linkages to form between the mucin backbone and carbohydrate groups that 
make up 50-80% of the molecular weight of mucin (Montagne et al., 2004). Lien et al. (1997) 
observed that in pigs fed protein-free diets, Thr and serine constituted 40% of the endogenous 
amino acid losses. This high rate of Thr incorporation into the mucus layer is proposed to be a 
primary reason for a high Thr requirement of animals (Le Floc'h and Se`ve, 2005).  
Due to the inclusion of Thr in mucin, it is suggested that mucin synthesis may be 
sensitive to Thr availability (Faure et al., 2005; Horn et al., 2009). Faure et al. (2005) determined 
that there is no compensatory mechanism within the body to supply Thr to the gut, due to no 
changes in anterior muscle weight in the Thr deficient diets. In a study by Wang et al. (2007), 
young pigs fed a Thr-deficient diet for 14 days exhibited both decreased mucin and mucosal 
protein synthetic rates when compared with the control (Thr-adequate) diet. Nichols et al. (2008) 
observed that when the luminal Thr concentration increased, protein synthesis also increased. 
When pigs were infused with a solution containing no Thr, mucin and mucosal protein synthesis 
rates were decreased. Results also indicated that protein synthesis was dependent on the luminal 
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first-pass supply of amino acids, even in the presence of adequate supply of Thr in the 
circulation. 
Relationship of Thr with the Immune System 
Amino acids are not only important for protein synthesis and the production of 
nitrogenous compounds, but they also help to maintain gastrointestinal health (Wang et al., 
2008). Faure et al. (2007) determined that the use of Thr for intestinal protein synthesis was 
increased in rats infected with sepsis. Therefore, when the GIT is inflamed, Thr availability may 
become limiting for mucin production. This substrate limitation could lead subsequently to an 
impairment of mucus barrier function (Wang et al., 2009). Under those circumstances, increased 
dietary Thr intake may stimulate mucin synthesis and re-establish the microbial community in 
favor of intestinal protection and healing (Faure et al., 2006). 
 Threonine also may exert direct effects on the immune system. Threonine is the amino 
acid that is present in the greatest concentration in immunoglobulin G (IgG) of species including 
humans and chickens (Tenenhouse and Deutsch, 1966). An increase in IgG concentrations is 
known to correlate positively with dietary Thr intake (Li et al., 1999). Bhargava et al. (1971) 
observed that antibody titers improved with increasing dietary Thr intake, and concluded that the 
Thr requirement to maximize antibody production is higher than the 7 g Thr/kg diet requirement 
estimated for growth. A mechanism explaining the interaction between Thr and immune function 
is still largely unknown, but Bhargava et al. (1971) formulated two theories from his study with 
chickens. First, it was suggested that Thr may be directly involved in antibody production, and 
second, Thr may act independently of antibody production to negatively affect viral replication. 
These findings provide support for the role of dietary Thr in modulating immune function in 
livestock and, perhaps, humans. 
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Coccidiosis 
It is generally recognized in the poultry industry that coccidiosis is the most frequently 
reported, and most economically important, disease worldwide (Biggs, 1982;De Gussem, 2007); 
the U.S. alone loses over $1.5 billion annually due to this disease (Lillehoj and Lillehoj, 2000). 
Coccidiosis is always present in the excreta of a chicken flock, but as pen floor space for 
production birds decreases (often 15 birds/m2), there appears to be increased ingestion of oocytes 
that overwhelm the immune system to elicit an inflammatory response (Lillehoj and Lillehoj, 
2000). There are three levels of severity that can occur from this disease: coccidiasis, subclinical 
coccidiosis, and clinical coccidiosis. Coccidiasis is a mild form of the disease that causes no 
adverse effects or clinical symptoms. Subclinical coccidiosis infection creates a small but 
economically significant reduction in weight gain and feed efficiency. A clinical coccidiosis 
infection is the most injurious; this infection can lead to decreased weight gain and feed 
efficiency as well as more severe symptoms such as diarrhea, intestinal hemorrhage, and 
morbidity (Williams, 2005).   
In poultry, coccidiosis is a parasitic disease caused by protozoans of the genus Eimeria.  
There are seven different species of Eimeria that infect poultry: E. acervulina, E. brunette, E. 
maxima, E. mitis, E. necatrix, E. praecox, and E. tenella (De Gussem, 2007). Of these seven 
species, the most pathogenic are E. acervulina, E. maxima, and E. tenella. Each species targets a 
different area of the GIT, e.g., E. acervulina invades the duodenum, E. maxima the ileum, and E. 
tenella the ceca. There are many pharmaceutical drugs available for use by the industry to 
control the disease, but decreasing sensitivity and increasing resistance to these drugs have 
tended to inhibit continued success in coccidiosis prevention (De Gussem, 2007). Presently, 
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there are no new anti-coccidial drugs in development; therefore, further investigation into simple 
alternatives for controlling coccidiosis, e.g., nutraceuticals, is warranted. 
Pathogenesis 
All parasitic species in the genus Eimeria are obligate intracellular parasites. These 
parasites have stages of development that take place both outside and inside the host. Poultry 
infected with Eimeria shed oocysts in their excreta. The oocytes then undergo sporogony, or the 
multiple fission on an encysted zygote that yields infective sporozoites (Lillehoj and Lillehoj, 
2000). The sporozoites remain in the excreta until they are ingested by the bird. Upon entrance 
into the GIT, sporozoites invade the epithelial cells of the intestinal lining, pass through the 
lamina propia, and enter the crypt epithelial cells (Lillehoj and Lillehoj, 2000). The crypt 
epithelial cells are the site of asexual reproduction yielding merozoites. At this point, male and 
female gametocytes are formed. The gametocytes later combine to form the oocytes that are shed 
into the excreta (Lillehoj and Lillehoj, 2000). This infection cycle can continue to re-infect a 
flock, continually yielding detrimental economic effects. The major impacts of coccidiosis are 
intestinal hemorrhage, malabsorption, diarrhea, and reduced body gain and feed efficiency, all of 
which are the result of impaired intestinal function (Lillehoj and Lillehoj, 2000). 
Immune Response 
Coccidiosis immunity is not all inclusive; chickens that are immune to one species of 
Eimeria are still susceptible to infection by another (Yun et al., 2000). The early stages of the 
Eimeria life cycle are when the immune system is most stimulated (Rose and Hesketh, 1976). A 
large number of oocytes are normally required to elicit an immune response from any Eimeria 
species, but E. maxima represents the single exception. E. maxima are highly virulent and require 
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only a few oocytes to elicit an immune response (Yun et al., 2000). The chicken has two types of 
immune response during a coccidiosis infection: antibody-mediated and cell-mediated immunity. 
The antibody-mediated immune response plays a small role in the overall host response, but cell-
mediated immunity serves as the major regulator of immune stimulation during a coccidiosis 
challenge (Yun et al., 2000).  
The major lymphocytes involved in the immune response are T lymphocytes, natural 
killer cells, and macrophages (Lillehoj and Trout, 1996), and cytokines certainly play an 
important role in the immune response to coccidiosis. Cytokines are essential effector molecules 
involved in both the innate and adaptive immune responses. Cytokines are defined as TH1- or 
TH2-related, and inflammation and innate immunity in poultry are mediated by the cytokines 
produced by both TH1 and TH2 responses. These include IFN-γ (Sick et al., 1996), IL- 1 
(Weining et al., 1998), IL-6 (Schneider et al., 2001), IL-12 (Degen et al., 2004), and many more. 
IL-1 is a powerful pro-inflammatory cytokine that is secreted from many types of cells, but 
macrophages are the main producer. Another group of effector molecules that are important to 
the immune response are chemokines, which are are important mediators of cell migration during 
an inflammatory response (Hong et al., 2006). More than 20 chemokines have been identified in 
the chicken (DeVries et al., 2006), but IL-8 is one of the most important. Interleukin-8 and the 
cytokine IL-6 are indicative of the activation of an acute phase response, or the beginning of the 
immune response (Hong et al., 2006). 
Historically known for their anti-viral effects, IFN were believed to inhibit the growth 
and development of protozoan parasites as well (Ovington et al., 1995). Pro-inflammatory 
cytokines (especially IFN- γ) are produced during an Eimeria infection (Min et al., 2001). 
Interferon- γ is thought to inhibit E. tenella development in vitro and during E. acervulina 
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infection to improve body weight gain and decrease oocyte production (Lillehoj and Choi, 1998). 
Hong et al. (2006) observed that IFN-γ was up-regulated in the jejunum of chickens infected 
with E. maxima. Additionally, these researchers suggested that cytokines (IL-1β, Il-6, IL-10, IL-
12, IL-15, and IL-18) and the chemokine, IL-8, were also increased due to E. maxima infection 
in the chicken. 
Pharmaceutical Interventions 
There are many different coccidiostats (i.e., anticoccidial drugs) available to reduce 
incidence of infection, and most commercial chicken feeds in the U.S. contain at least one 
pharmaceutical additive (Lillehoj and Lillehoj, 2000). This approach of controlling coccidiosis 
with medicated feed remains expensive, costing the industry $300 million annually. 
Additionally, some believe these medications no longer alleviate the problem due to the 
development of new resistant strains of Eimeria species (Lillehoj and Lillehoj, 2000). This is 
why more immunologically-oriented strategies are being developed, including coccidiosis 
control through vaccination.  
Both live attenuated and nonattenuated vaccines are available, but live vaccines 
themselves can cause just as many problems as the disease itself (De Gussem, 2007). Live 
attenuated vaccines are produced by the use of live parasites selected at early development. The 
parasites then go through passage in embryonated eggs and then go through parasite irradiation 
(Lillehoj and Lillehoj, 2000). After each passage, the early maturing, less pathogenic oocytes are 
chosen. By the end of the repeated passage measures, the precocious strains are not as virulent as 
the parent strain (McDonald et al., 1986). Live unattenuated vaccines induce a long-lasting 
immune response. Due to the virulence of the live vaccine, the amount of stimulation that can be 
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given to a chicks delicate immune system is limited (Lillehoj and Lillehoj, 2000). Also, due to 
the immune response being Eimeria species specific, the vaccine must contain a mixture of 
Eimeria species to properly protect the animal. This is dangerous to a flock if they have not been 
in contact with a certain species before and can create new problems for the producer (Martin et 
al., 1997). A live vaccine still needs host cells to replicate and instigate an attenuated immune 
response, which could lead to subclinical coccidiosis infections (De Gussem, 2007).  
There are also recombinant protein and DNA vaccines. Recombinant protein vaccine 
development is characterized by inducing the immune response to the parasite at a certain stage 
in its life cycle. Sporozoites are the preferred parasite form for the recombinant vaccine because 
they are easy to obtain. The ability of the sporozoite to reproduce is blocked and should prevent 
reinfection (Lillehoj and Lillehoj, 2000). Lastly, recombinant DNA vaccines use genes encoding 
for immunogenic proteins of the pathogens. Promoters and enhancers also are needed in 
conjunction with these vaccines, allowing the selected DNA sequences to be expressed and 
recognized by the immune system of the host animal (Lillehoj and Lillehoj, 2000)..  
 
Conclusion 
Coccidiosis is the most frequently reported, and most economically important, disease 
worldwide (Biggs, 1982; De Gussem, 2007). At present, there are no new anti-coccidial drugs in 
development. Further investigation into simple alternatives for controlling coccidiosis, e.g., 
nutraceuticals, is warranted. Poultry diets contain mostly plant-based ingredients, with 
carbohydrates serving as the main source of energy. Chickens have no difficulty digesting most 
of the sugars and starches from the diet, but digestion of the fibrous components is very poor.  
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Fiber is an inherent component of plant materials, and its effect on chick growth depends on the 
type and inclusion level of the particular fiber source. Both soluble and insoluble fibers have an 
effect on intestinal health, and the permeability of the protective mucus layer. Due to the 
inclusion of Thr in mucin, it is suggested that mucin synthesis may be sensitive to Thr 
availability (Faure et al., 2005; Horn et al., 2009). Investigating conditions that may affect Thr 
metabolism are warranted to maximize production of agriculturally important species. The 
current thesis objective was to determine the combined effects of purified fiber and dietary Thr 
on gut structure, mucus production, nutrient absorption (especially amino acid absorption), and 
modulation of the immune system during an Eimeria maxima coccidiosis challenge. 
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Figures 
 
 
 
 
 
  
Figure 2.1 Gastrointestinal tract of the rock dove Columba livia and long paired caeca typical for 
galliform birds. Adapted with permission from Proctor, N. S., and P.J. Lynch. 1993. Manual of 
Ornithology. Avian Structure and Function. Yale University Press, New Haven and London. 
Proctor and Lynch (1993).  
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Figure 2.2 Relationship between crypts and villi of the small intestine. Adapted with permission 
from Ganz, T. 2000. Paneth cells--guardians of the gut cell hatchery. Nat. Immunol. 1:99-100. 
doi 10.1038/77884. 
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Figure 2.3 Thickness of the loosely and firmly adherent layers of mucus in vivo in the corpus, 
antrum, mid-duodenum, proximal jejunum, distal ileum, and proximal colon in the rat. Adapted 
with permission from Atuma, C., V. Strugala, A. Allen and L. Holm. 2001. The adherent 
gastrointestinal mucus gel layer: thickness and physical state in vivo. Am. J. Physiol. Gastr. 
Liver Physiol. 280:G922-G929. 
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Figure 2.4 Hypothesized effects of dietary fiber on mucus erosion and mucin appearance in the 
gut lumen, as well as the effects of fermentation products on ingested fiber. Adapted with 
permission from Montagne, L., J. R. Pluske and D. J. Hampson. 2003. A review of interactions 
between dietary fibre and the intestinal mucosa, and their consequences on digestive health in 
young non-ruminant animals. Anim. Feed Sci. Technol. 108:95-117. 
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Chapter 3 
 
THE COMBINED EFFECTS OF DIETARY THREONINE AND PURIFIED DIETARY 
FIBERS ON GROWTH PERFORMANCE AND INTESTINAL HEALTH OF YOUNG 
CHICKS 
 
 
Abstract 
 
The characterization of intestinal health in poultry has become imperative as specialized 
ingredients (e.g., grain by-products) become common feedstuffs in poultry diets. We tested 
whether purified fiber affects dietary threonine (Thr) requirements and intestinal structure of 
young chicks. In Experiment 1, three diets containing 7% added silica sand (control), cellulose, 
or high-methoxy pectin were used. Six replicate pens of 6 chicks received dietary treatments 
through day (d) 14 post-hatch, at which time, growth performance and nutrient digestibility were 
determined. In Experiment 2, the impact of purified fiber on dietary Thr requirements was 
determined using a Thr-deficient basal diet (3.2 g/kg diet) and 7 graded levels of supplemental 
Thr (0 to 9.6 g/kg of diet). Six replicate pens of 5 chicks were tested from d 8-21 post-hatch, and 
ileal tissue was collected at study conclusion for histological evaluation. In Experiment 1, pectin 
reduced (P < 0.05) weight gain and feed efficiency by 32% and 39%, respectively. Pectin 
inclusion resulted in a reduction (P < 0.05) in dry matter (DM) digestibility, as well as apparent 
metabolizable energy (AMEn), compared with the control diet. No differences in feed intake due 
to fiber inclusion were observed. In Experiment 2, supplemental Thr requirements were 
estimated by fitting growth performance data to a one-slope, broken-line (i.e., piece-wise) 
regression model. For the control, and cellulose- and pectin-containing diets, supplemental Thr 
requirements were estimated at 3.64, 2.60, and 2.38 g Thr/kg diet, and at 778, 737, and 576 mg 
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of supplemental Thr intake over the 21-d study, respectively, based on body weight gain. For 
histological measures, crypts were deepest (P < 0.03) in the cellulose treatment; total goblet cell 
count and density were highest (P < 0.03) in the pectin-fed birds, and mixed goblet cell counts 
were highest (P < 0.03) in the control treatment. The serosa was thickest in the cellulose 
treatment with adequate supplemental Thr, and acidic and neutral goblet cell counts were highest 
in the control treatment with adequate Thr supplementation (Fiber × Thr, P < 0.05). These 
findings suggest both dietary Thr concentration and fiber source affect growth performance, 
intestinal morphology, and mucin secretion in young chicks, which may directly impact poultry 
feeding strategies. 
 
Introduction 
Profiling the ‘healthy gut’ has become critical as the variety and inclusion rate of 
specialized ingredients increase in poultry diets. Fiber in particular is of special interest because 
of its natural presence in feed ingredients commonly used in the poultry industry. The fiber 
contained within plants is a complex mixture of structural components, which makes evaluation 
of dietary fiber a difficult task. One approach to better understand how dietary fiber impacts the 
digestive process of animals is to investigate purified fiber forms (Larsen et al., 1993). 
Specifically, the effects of purified dietary fiber on intestinal structure, mucus thickness, and 
nutrient absorption, including amino acid absorption, should be evaluated. Our study focused on 
two types of fiber that are prevalent in feedstuffs (i.e., crystalline cellulose) and have potential to 
severely disrupt nutrient digestion specifically in avian species (i.e., high-methoxy pectin).  
There are three main groups of fiber: cellulose, non-cellulosic polymers, and pectic 
polysaccharides (Bailey and MacRae, 1973). Pectin is a partially fermentable fiber that can be 
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utilized by the microbial population of the hindgut or ceca. Pectin is also a soluble fiber that 
binds large amounts of water during fermentation. Soluble fibers increase the viscosity of the 
digesta contained within the gastrointestinal tract (GIT), creating a gel-like consistency which 
has been observed to reduce weight gain and nutrient utilization in broiler chickens (Langhout et 
al., 1999).  Conversely, crystalline cellulose is a non-fermentable fiber commonly used as an 
inert ingredient or bulking agent in monogastric diets (Hetland et al., 2004;Montagne et al., 
2003).  As a bulking agent, crystalline cellulose has been shown to have an abrasive effect on the 
gut by increasing mucus sloughing. The mucus layer is dynamic, i.e., constantly being 
degradation and re-synthesized, and is involved in protection, lubrication, and nutrient transport 
(Montagne et al., 2004). After its erosion by dietary fiber, the amount of mucus within the GIT 
must be balanced by increased secretion from goblet cells (Montagne et al., 2004).  
As one of the major constituents of the mucus layer, mucin is of particular interest 
because addition of dietary fiber may alter the amount and type of mucin produced within the gut 
(Faure et al., 2005). Mucin specifically protects the epithelium from digestive enzymes and acid, 
but it also acts as a physical barrier against foreign pathogens (Kim, 2010).  One way to evaluate 
the effects of dietary fiber on mucin dynamics is to quantify the number and type of goblet cells 
present within the gut (Hedemann et al., 2006;Montagne et al., 2003). Proteins, and some 
specific amino acids , have been shown to interact directly with goblet cells to influence the type 
of mucins being produced (Faure et al., 2005). Serine, Thr, and cysteine are the predominant 
amino acids that compose mucin (Montagne et al., 2004), with Thr being of greatest importance 
because it constitutes up to 11% of amino acids composing mucin, as encoded by the MUC2 
gene (Gum et al., 1992). Therefore, it has been suggested that mucin dynamics within the gut 
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may be sensitive to Thr availability. Faure et al. (2005) found that dietary Thr restriction reduced 
mucin synthetic rate in the rat.  
Based on evidence that dietary fiber influences structural aspects of the gut and noting the 
importance of Thr in mucin synthesis, we hypothesized that dietary Thr requirements would 
increase in the presence of purified dietary fiber. The objective of Experiment 1 was to determine 
the effect of practical-type diets (based on corn and soybean meal) containing purified fiber 
sources (cellulose and pectin) on nutrient utilization within the GIT. Once nutrient digestibility 
values and energy content of the diets were evaluated, all diets for Experiment 2 were formulated 
to be both isocaloric and isonitrogenous. The objective of Experiment 2 was to establish the Thr 
requirement of the growing chick in the absence and presence of purified dietary fiber sources.  
 
Materials and Methods 
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee and Institutional Biosafety Committee before initiation of the 
experiments.  
Experiment 1 
Animals and Husbandry. One-hundred and eight, 1-d-old male New Hampshire × 
Colombian cross chicks were used in this experiment. Chicks were housed in thermostatically 
controlled starter batteries with raised wire floors in an environmentally controlled room with 
continuous lighting.  At hatch, chicks were weighed, wing-banded, and assigned to treatment 
groups so that the initial weight was similar among treatment groups. Six replicates of 6 chicks 
were randomly assigned to each of three treatments for the 14 day experiment. Diets differed 
only by the purified fiber source added, cellulose or pectin (at 7% inclusion level).  Silica sand 
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was used as a replacement for the purified fiber in the control diet. Chromium oxide (Cr2O3) was 
used as a biological marker to determine the nutrient digestibility. All diets were formulated to 
meet or exceed NRC (1994) recommendations (Tables 3.1 and 3.2). Mash feed and fresh water 
were offered ad libitum. Chicks and feeders were weighed on d 1, 7, and 14 post-hatch to 
determine weight gain, feed intake, and gain:feed values. On d 14 post-hatch, chicks were 
euthanized by CO2 asphyxiation.  Excreta samples were collected over a 24 h period (d 13-14) to 
evaluate nutrient digestibility values and the N-corrected, apparent metabolizable energy (AMEn) 
content of the diets. 
Chemical Analyses. Excreta samples were freeze-dried and ground in a coffee grinder. A 
subsample was then analyzed according to procedures of the Association of Official Analytical 
Chemists (AOAC) for dry matter (DM), organic matter (OM), and ash (AOAC, 2006; methods 
934.01, 942.05). For all samples, crude protein (CP) content was determined using total N values 
(Leco FP-2000, AOAC, 2006; method 992.15) and gross energy (GE) was measured using an 
adiabatic bomb calorimeter (model 1261, Parr Instruments, Moline, IL). Chromium (Cr) 
concentrations in all samples were analyzed according to Williams et al., (1962) using atomic 
absorption spectrophotometry (model 2380, Perkin-Elmer, Norwalk, CT).   
Calculations. All calculations were made on a dry matter basis. Apparent digestibility 
values were calculated as in Dilger et al. (2004):  
AIDX, % = 100 × [(CrI/CrO) × (NI/ NO) × 100] 
where AIDX is the apparent ileal digestibility of DM, GE,  and N; CrI is the chromium 
concentration of dietary intake; CrO is the chromium concentration of ileal output; NO is the 
nutrient concentration of ileal output; and NI is the nutrient concentration of dietary intake. 
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Nitrogen retention and AMEn were calculated as in Leeson (2001). The following equations were 
adapted by Lammers et al. (2008): 
AMEn = [GEdiet – ((GEdiet × Crdiet) / Crexcreta) – 8.22] × Nretained 
where AMEn (kcal/kg) is the N-corrected AME content of the diet; GEdiet and GEexcreta (kcal/kg) 
are the GE concentrations of the diet and excreta, respectively; Crdiet and Crexcreta (%) are the 
chromic oxide concentrations in the diet and excreta, respectively; 8.22 is the energy value 
attributed to uric acid; and Nretained (g/kg) is the N retained by the chicks per kilogram of feed 
intake. Nretained is calculated by: 
NRetained = NDiet – ((NExcreta x CrDiet) / CrExcreta) 
where Ndiet and Nexcreta (%) represent the N contained in the diet and excreta samples, 
respectively. 
Experiment 2 
Animals and Husbandry. Six-hundred and thirty, 8-d-old male New Hampshire × 
Colombian cross chicks were used in this experiment. At d 8 post-hatch, chicks were housed and 
allotted to treatments as described for Experiment 1. Six replicates of 6 chicks were randomly 
assigned to each treatment in the experiment, which was conducted from d 8-21 post-hatch.  
Diets were semi-purified in nature and differed by the fiber source added (7% added silica sand 
(control), cellulose, or pectin), identical to the approach used in Experiment 1 . The basal diet 
was Thr-deficient (3.2 g/kg diet; Tables 3.1 and 3.2), and within each series of fiber-containing 
diets, treatments contained one of 7 graded levels of supplemental Thr (0, 1.6, 3.2, 4.8, 6.4, 8.0, 
or 9.6 g/kg) surrounding the NRC (1994) recommendation for the 0-3 week old bird. All diets 
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were formulated to meet or exceed NRC (1994) recommendations except for Thr. Mash feed and 
fresh water were offered ad libitum. Chicks and feeders were weighed on d 8, 14, and 21 post-
hatch to determine weight gain, feed intake, and gain:feed values. 
Sample Collection. On d 21 post-hatch, chicks were euthanized by CO2 asphyxiation and 
immediately dissected. Ileal tissue was collected from one chick out of each of 6 replicate pens 
per diet, but only included treatments containing 0, 4.8, or 9.6 g of Thr/kg diet in each series of 
diets (9 treatments total). A 2.54 cm segment of ileal tissue sampled at the midpoint of the region 
extending from Meckel’s diverticulum to the ileocecal junction was collected and submersed in 
10% neutral-buffered formalin for 24 h to fix the tissue. Ileal tissue samples were subsequently 
placed in 95% ethanol and submitted to the University of Illinois, College of Veterinary 
Medicine Histology Laboratory for tissue processing. 
Histological Analysis.  Ileal samples were processed and double-stained with Alcian blue 
and periodic acid-Schiff (AB-PAS) (Horn et al., 2009) to determine villus height, crypt depth, 
goblet cell count, goblet cell density, and goblet cell type. The AB-PAS stain was used 
specifically to quantify the number of acidic, neutral, and mixed (both acidic and neutral) goblet 
cells. Total goblet cell count was quantified by counting the number of positively-stained goblet 
cells per villus, and goblet cell density was quantified by dividing goblet cell count by villus 
height per each individual villus.  
Measurements of villus height and crypt depth were collected by selecting ten intact 
villi/crypts from up to 6 chickens per treatment. Villus height measurements extended from the 
crypt mouth up to the villus tip, and crypt depth was measured from the crypt mouth to the top of 
the crypt valley. Additionally, 20 serosal thickness measurements were collected from each 
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subject selected for villi/crypt measurements. Serosal thickness was defined as extending from 
the top of the circular muscle layer to the bottom of the longitudinal muscle layer.  
Statistical Analysis 
 Experiment 1. Data were analyzed using the GLM procedure of SAS (SAS Inst., Cary, 
NC).  The statistical model only included the fixed main effect of diet. Overall treatment effects 
with a probability of P < 0.05 were accepted as statistically significant. Mean separation was 
used when a significant main effect of diet was noted.  
Experiment 2. Data were analyzed using the GLM procedure of SAS (SAS Inst., Cary, 
NC).  The statistical model included the fixed effects of dietary fiber source (control, cellulose, 
or pectin) and the supplemental dietary Thr concentration. A one-slope, broken-line (i.e., piece-
wise) regression model was fitted to estimate supplemental Thr requirements based on growth 
performance parameters (Robbins et al., 2006). The resulting dietary Thr requirements were 
further compared with individual t-tests and two-tailed pairwise comparisons. Overall treatment 
effects and interactions with a probability of P < 0.10 were accepted as statistically significant.  
Results 
Experiment 1 
 Growth Performance. No differences in weight gain (g/chick) or gain:feed (g:kg) were 
observed between treatments for d 0-7 post-hatch (Table 3.3). However, the pectin-fed birds had 
reduced weight gain (P < 0.05) and gain:feed (P < 0.05) when compared with the cellulose and 
control-fed birds during d 7-14 and d 0-14 post-hatch. During d 0-7 post-hatch, birds receiving 
the control and pectin treatments had greater (P < 0.05) feed intake than cellulose-fed birds, but 
no treatment differences were noted in feed intake for d 7-14 or d 0-14 post-hatch. 
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 Nutrient Digestibility. No differences in AMEn (kcal/kg) were observed at d 7 post-hatch, 
but the pectin-fed birds had a decreased (P < 0.05) calculated AMEn value than the control and 
cellulose-fed birds at d 14 post-hatch (Table 3.4, Figure 3.1). Nitrogen retained by cellulose-fed 
birds was higher (P < 0.05) than for control and pectin-fed birds at d 7 post-hatch. Differences (P 
< 0.05) in N retention were observed among treatments at d 14 post-hatch with cellulose and 
pectin treatments being highest and lowest, respectively. At d 14 post-hatch, DM digestibility 
was reduced (P < 0.05) for pectin-fed birds than the cellulose and control diets (Figure 3.2).  
Experiment 2 
 Estimated Dietary Thr Requirements. On a g/ kg diet basis, for d 8-14, the Thr 
requirement of the control-fed birds was 41% higher (P < 0.05), than either of the fiber 
treatments, but for d 14-21 post-hatch, the control and cellulose treatments had the highest (P < 
0.05) Thr requirements when compared to the pectin treatment (Table 3.5). For the entire feeding 
period (d 8-21 post-hatch), birds receiving the control and pectin diets had the highest (P < 0.05), 
and lowest (P < 0.05), Thr requirements respectively (Figure 3.1). On an mg of intake basis, for 
d 8-14 and d 14 -21, the control and pectin diets had the highest (P < 0.05), and lowest (P < 
0.05), Thr requirements respectively (Table 3.6). For the entire feeding period (d 8-21 post-
hatch), the control and cellulose treatments had a 24% increase (P < 0.05) in the Thr 
requirement, when compared to the pectin treatment (Figure 3.2). 
 Histological Data.   Only diets containing the most deficient, adequate, and most excess 
supplemental Thr concentration (0, 4.8, and 9.6 g/kg) within each series of fiber-containing diets 
were analyzed for intestinal morphology and goblet cell density and type. There was no effect of 
dietary treatments on villus height or the villus height: crypt depth ratio, but crypt depth was 
affected (P < 0.01) by purified fiber source, with cellulose- and pectin-containing diets having 
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deeper crypts compared with the control diet (Table 3.7, Figure 3.3). A trend (P < 0.10) for an 
interactive effect between fiber source and supplemental Thr concentration was also noted for 
crypt depth, where the cellulose diet had the deepest crypts when supplemented with adequate 
Thr (4.8 g/kg supplemental Thr). A similar interaction was noted for serosal thickness, where 
consumption of the cellulose-containing diet elicited the thickest serosa, and Thr adequacy 
producing a thicker serosa over the Thr deficient and excess diets (Fiber × Thr, P < 0.05). 
Total goblet cell count was highest (P < 0.01) in the pectin fed birds (Table 3.7) (Figure 
3.4). This measure was also increased (P < 0.01) with adequate Thr (4.8 g/kg) supplementation 
over the deficient or excess treatments.  For goblet cell density, fiber-containing diets elicited a 
higher density (P < 0.01) compared with the control diet. A trend was noted for the interactive 
effect (P < 0.06) between fiber and Thr for both total goblet cell count and density, where 
numerically, pectin-fed birds supplemented with adequate and excess Thr concentrations 
produced a greater total goblet cell count and density than the deficient concentration. For goblet 
cell type, both acidic and neutral types had higher counts in the control diet when supplemented 
with adequate Thr over deficient or excess (Fiber × Thr, P < 0.05).  Mixed goblet cell counts 
were highest (P < 0.03) in the control fed birds, and were also increased (P < 0.01) with adequate 
and excess Thr concentration. A trend (P < 0.09) was observed between fiber and Thr for mixed 
goblet cells, with the pectin, Thr deficient diet having the lowest mixed goblet cell count. 
Overall, acidic and mixed goblet cells were numerically more prevalent than the neutral type. 
Discussion 
Based on previous evidence that dietary fiber influences both nutrient availability and 
structural aspects of the gut, and noting the importance of Thr in mucin synthesis, it was 
hypothesized that dietary Thr requirements would increase in the presence of purified dietary 
 54 
 
fiber. In the current study, pectin significantly decreased nutrient availability, while cellulose 
was basically inert. Contrary to what was hypothesized, soluble fiber decreased the supplemental 
Thr requirement to support growth of the young chick. Overall, neither fiber nor Thr affected 
structure of the intestinal tissue or goblet cell quantity and type. 
Not surprisingly, our study provided clear evidence that cellulose contributed no nutritive 
value to the birds; all growth data were consistent with the effects of silica sand, which has no 
attributed nutritive value. As an insoluble fiber, crystalline cellulose adds bulk to the diet because 
it is resistant to digestive enzymes within the GIT (Trowell, 1976). The fermentation of insoluble 
fibers by the GIT bacterial populations in poultry is very low, which makes its effect on the 
number and type of microbes present virtually insignificant (Choct et al., 1996; Langhout, 1998). 
Conversely the addition of pectin to the diet decreased the growth performance of the birds as a 
result of decreased nutrient digestibility. This outcome supports previous research that adding 
soluble fiber to a diet alters nutrient digestibility in chickens, pigs, and humans (Batal and 
Parsons, 2002; Doherty and Jackson, 1992; Langhout et al., 1999; Mosenthin et al., 1994; Zhu et 
al., 2005). Soluble NSP create a viscous environment within the GIT, which has been shown to 
alter the rate of passage, pH, enzyme activity, and luminal morphology, all of which interfere 
with digestion and absorption of nutrients (Doherty and Jackson, 1992; Langhout et al., 1999; 
Mosenthin et al., 1994).  This increased viscosity could prevent the birds from accessing dietary 
nutrients, and thus limit the AMEn they receive. This limitation of nutrients presumably underlies 
the decrease in growth performance observed in pectin-fed birds as compared to the cellulose 
and control treatments.  
Larsen et al. (1993) observed a linear relationship between digesta viscosity and 
endogenous N losses at the terminal ileum. Although in our study N retention was determined 
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from excreta samples, we also found that pectin supplementation decreased N retention and N 
digestibility over both the control and cellulose diets.  Mason and Palmer (1973) noted that 
fermentable products (e.g., pectin) increase N and amino acid excretion due to bacterial synthesis 
of amino acids in the lower gut and ceca. This increase in N excretion has also been observed in 
rats fed soluble NSP (Tetens et al., 1996). 
In our study, the cellulose-treated birds exhibited the greatest amount of N retained and 
the greatest N digestibility value, and birds receiving cellulose also were observed to have the 
thickest serosa. Stanogias and Pearce (1985b) noted an enlargement of the GIT in animals fed 
feedstuffs containing insoluble NSP. The increase in N retention in insoluble NSP-fed animals 
may be due to increased protein deposition within the GIT to promote peristaltic action of the 
intestine. Previous research indicates that fiber increases N retention in the pig, and the rat (Lenis 
et al., 1996; Stanogias and Pearce, 1985a; Younes et al., 1995). Parsons (1984) noted an increase 
in DM excretion in cellulose-fed caecectomized laying hens. The ability of chicks to digest 
nutrients increases with age (Batal and Parsons, 2002), which may be one reason that control- 
and pectin-fed birds exhibited similar nutrient digestibility values d 0-7 post-hatch, but 
discrepancies were later noted.  
Although we had hypothesized that cellulose would increase goblet cell count and 
density, as insoluble fiber is known to increase mucus sloughing due to abrasion, and have been 
known to alter mucin secretion (Montagne et al., 2003), in our study, pectin-fed birds exhibited 
the greatest goblet cell density, which may indicate a change in mucin dynamics. Langhout et al. 
(1999) also observed that addition of high-methothy citrus pectin increased goblet cell counts by 
66% compared with a wood cellulose control treatment. This increase in goblet cell number in 
the pectin-fed birds suggests a thicker mucus layer lining the epithelium which could also 
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contribute to the decreased nutrient availability. This could also increase the energy requirement 
for maintenance of the GIT, thus increasing the amount of nutrients used by the gut instead of 
lean body mass (i.e., leading to decreased growth performance). 
We also hypothesized that addition of purified dietary fiber would increase the 
supplemental Thr requirement; however, the opposite was observed. As estimated over the total 
study period, pectin decreased the Thr requirement compared with cellulose and control 
treatments. The pectin treatment also decreased growth; therefore the lower Thr requirement 
could be due to the small size of the birds. Expressed as mg Thr intake per g of gain, the control 
and cellulose treatments consumed 4.7 and 4.8 mg Thr/ g of gain respectively, but the pectin 
treatment consumed 5.3 mg Thr/ g of gain. Consequently the pectin treatment consumed more 
Thr, but had decreased gain from the control and cellulose treatments. Therefore, the Thr 
requirement of the pectin fed chicks was actually greater than that of the control and cellulose 
treatments expressed as mg Thr intake/ g of gain.  On another note, although the Thr requirement 
of the pectin-fed birds was the lowest, all requirements were decreased from the NRC (1994) 
recommendation of 8 g of Thr /kg diet in the current study. With the additional 3.2 g Thr/ kg diet 
in the basal, the Thr requirements of the silica sand (control), cellulose and pectin-fed birds were 
6.8, 5.8, and 5.6 g Thr/ kg diet respectively. Previous research suggests the dietary Thr 
requirement of broilers may actually be below the current NRC recommendation (Kidd et al., 
2001; Thomas et al., 1987), thus the Thr requirement estimate remains a debated point. Further 
investigation of the effect of soluble fiber on the Thr requirement of growing chicks is needed to 
come to a direct conclusion. 
 Although supplementation with 7% cellulose increased N retention and N digestibility in 
our study, all other analyses led to the conclusion that cellulose is basically an inert ingredient. 
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Conversely pectin negatively affected nutrient utilization and growth of the chick. Overall, the 
addition of purified fiber did not yield an increase in estimated Thr requirements as originally 
hypothesized. The dynamic relationship between Thr and mucin is complicated, and from results 
of the current study, we conclude that addition of 7% purified cellulose or pectin to the diets of 
young chicks does not alter Thr needs as specifically related to mucin dynamics. Further research 
into the effects of purified pectin on the requirement of amino acids is warranted due to the 
decrease in the Thr requirement observed for the pectin treatment. 
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Tables 
 
 
Table 3.1 Ingredient composition of experimental basal diets, as-fed basis 
 
Ingredient, g/kg Experiment 11 Experiment 22 
Corn3 322.6 353.4 
Soybean meal 473.1 121.2 
Silica sand - 84.1 
Soy oil 43.0 60.6 
Salt 4.3 4.0 
Limestone 14.0 14.1 
Di-calcium 19.4 20.2 
Vitamin premix4 2.2 2.0 
Mineral premix5 1.6 1.5 
Choline chloride 2.2 1.2 
Chromic oxide 2.7 - 
Cornstarch 112.9 125.2 
L-Met 2.2 3.8 
Amino Acids6 - 208.6 
1 Experimental diets were produced by replacing cornstarch with 7% of silica sand (i.e., 
 arenaceous flour), cellulose (Ticacel 100, Tic Gums, White Marsh, MD), or pectin (Tic 
 Pretested® Pectin HM, Tic Gums, White Marsh, MD); 3 experimental treatments total. 
2 Experimental diets were produced similar to Experiment 1, except that in addition to 7% 
 addition of silica sand, cellulose, or pectin, each series of fiber-containing diets also contained 
 graded supplemental concentrations of crystalline L-Thr (0, 1.6, 3.2, 4.8, 6.4, 8.0, or 9.6 g/kg) 
 at the expense of cornstarch; 3 series of 7 treatments, 21 experimental diets total. 
3 Corn was ground through the following hammer mill screen sizes: 1.59 and 9.52 mm. This 
 provided an average particle size of 557 and 1,387 μm, respectively. 
4 Provided per kilogram of diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 g; DL-α-
 tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; D-Ca-pantothenate, 10 
 mg; niacin, 22 mg; menadione sodium bisulfite, 2.33 mg. 
5 Provided as milligrams per kilogram of diet: Mn, 75 from MnO; Fe, 75 from FeSO4• 7H2O; 
Zn, 75 from ZnO; Cu, 5 from CuSO4•5H2O; I, 0.75 from ethylene diamine dihydroiodide; Se, 
0.1 from Na2SeO3. 
6  For Experiment 2 the amino acid mixture contains L-Arg (free-base) 7.0 g/kg, L-Cystine 2.8 
g/kg, L- His 2.7 g/kg, L-Ile 4.8 g/kg, L-Leu 4.1 g/kg, L-Lys HCL (feed grade) 12.4, L-Phe 4.0 
g/kg, and L-Trp (feed grade) 1.2 g/kg.
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Table 3.2 Calculated nutrient and energy concentrations of experimental basal diets, as-fed basis 
 
Item Experiment 1 Experiment 2
Crude protein,  g/kg 234.2 86.4 
Metabolizable energy, kcal/kg 2854.2 2488.2 
Calcium, g/kg 10.2 10.2 
Total phosphorus (tP), g/kg 6.9 5.4 
Ca:tP ratio 1.5 1.9 
Total amino acids, g/kg   
   Arginine  16.5 12.5 
   Histidine  6.3 5.0 
   Isoleucine   10.3 8.4 
   Leucine  19.7 12.4 
   Lysine  14.0 16.8 
   Methionine  5.5 5.2 
   Methionine + Cysteine 9.2 9.5 
   Phenylalanine 11.6 8.3 
   Phenylalanine + Tyrosine 21.0 13.5 
   Threonine 9.0 3.2 
   Tryptophan 3.4 2.3 
   Valine 11.0 6.2 
 63 
 
Table 3.3 Effect of purified dietary fiber on growth performance of young chicks (Experiment 
1)1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Diets contained 7% silica sand (control), cellulose, or pectin. 
2 SEM = standard error of the mean. 
ab Means without a common superscript letter differ within a row (P < 0.05).
Item Control Cellulose Pectin SEM2 
d 0-7 post-hatch     
Weight gain, g/chick 38.1 37.1 34.2 3.13 
Feed intake, g/chick 73.8ab 69.2b 80.3a 2.50 
Gain:feed, g/kg 512.2 532.1 426.0 33.44 
d 7-14 post-hatch     
Weight gain, g/chick 116.6a 105.9a 71.4b 2.91 
Feed intake, g/chick 177.1 170.0 178.6 4.53 
Gain:feed, g/kg 658.2a 624.3a 401.6b 15.93 
d 0-14 post-hatch     
Weight gain, g/chick 154.6a 142.9a 105.6b 3.87 
Feed intake, g/chick 250.9 239.1 258.4 6.00 
Gain:feed, g/kg 616.8a 597.5a 409.5b 11.05 
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Table 3.4 Effect of purified dietary fiber on nutrient digestibility, nitrogen retention, and 
nitrogen-corrected apparent metabolizable energy (AMEn) content of diets fed to young chicks 
(Experiment 1)1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Diets contained 7% silica sand (control), cellulose, or pectin. 
2 SEM = standard error of the mean; DM = dry matter; OM = organic matter; N = nitrogen; 
AMEn = apparent metabolizable energy, nitrogen corrected. 
abc Means without a common superscript letter differ within a row (P < 0.05). 
 
Item Control Cellulose Pectin SEM 
d 7 post-hatch  
DM2 digestibility, % 51.6 54.0 48.5 1.91 
OM2 digestibility, % 56.6a 61.6a 45.8b 1.83 
N2 retained, g/kg 1.8b 2.8a 1.7b 0.18 
AMEn,2 kcal/kg 2547 2650 2362 88.0 
d 14 post-hatch  
DM2 digestibility, % 59.9a 60.2a 46.8b 0.81 
OM2 digestibility, % 67.6a 67.6a 44.6b 0.82 
N2 retained, g/kg 2.3b 2.8a 1.4c 0.07 
AMEn,2 kcal/kg 3085a 3086a 2330b 42.79 
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Table 3.5 Effect of purified dietary fiber on estimated supplemental threonine requirements of 
the young chick (Experiment 2)1 
 
 
 
 
 
 
 
1 Diets contained 7% silica sand (control), cellulose, or pectin with 7 graded levels of 
supplemental Thr (0, 1.6, 3.2, 4.8, 6.4, 8.0, and 9.6 g/kg).  
2 Supplemental Thr requirement estimates derived from regressing average body weight gain (g 
per chick) upon supplemental threonine (g/kg diet) for each time period (d 8-14 and d 14-21 
post-hatch).  
3 Standard error of the requirement estimate. 
4 r-squared is the coefficient of determination, or the % of variability explained by treatment. 
ab Means without a common superscript letter differ within a column for each period differ (P < 
0.05).
Item Thr Requirement (g/kg)2 SE3 r-squared4 
d 8-14 post-hatch    
Control 3.87a 0.322 0.85 
Cellulose 2.25b 0.203 0.86 
Pectin 2.31b 0.277 0.79 
d 14-21 post-hatch    
Silica Sand (Control) 2.94a 0.673 0.74 
Cellulose 2.89a 0.333 0.88 
Pectin 2.43b 0.224 0.88 
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Table 3.6 Effect of purified dietary fiber on estimated supplemental threonine requirements of 
the young chick (Experiment 2)1 
 
 
 
 
 
 
 
 
1 Diets contained 7% silica sand (control), cellulose, or pectin with 7 graded levels of 
supplemental Thr (0, 1.6, 3.2, 4.8, 6.4, 8.0, and 9.6 g/kg).  
2 Supplemental Thr requirement estimates derived from regressing average body weight gain (g 
per chick) upon supplemental threonine intake (mg) for each time period (d 8-14 and d 14-21 
post-hatch).  
3 Standard error of the requirement estimate. 
4 r-squared is the coefficient of determination, or the % of variability explained by treatment. 
abc Means without a common superscript letter differ within a column for each period differ (P < 
0.05).
Item Thr Requirement (mg)2 SE3 r-squared4 
d 8-14 post-hatch    
Control 478.2a 40.31 0.87 
Cellulose 289.5b 22.48 0.89 
Pectin 267.6c 31.20 0.80 
d 14-21 post-hatch    
Silica Sand (Control) 606.1a 73.10 0.75 
Cellulose 428.9b 38.19 0.86 
Pectin 312.2c 28.87 0.88 
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Table 3.7 Combined effects of purified dietary fiber and supplemental threonine concentration on intestinal morphology and goblet 
cell characteristics in ileal tissue collected from chicks at d 21 post-hatch1  
 
 Silica Sand (Control) Cellulose Pectin  
Supp. Thr concentration (g/kg) 0 4.8 9.6 0 4.8 9.6 0 4.8 9.6 SEM 
Villus height 367.3 466.9 445.9 371.5 425.8 393.7 349.2 441.2 465.5 33.89 
Crypt depth2 89.7b 97.8ab 101.5a 111.8ab 123.2 102.7ab 90.3ab 92.9ab 110.6a 6.62 
Villus height: Crypt depth ratio 4.1 4.8 4.5 3.3 3.6 3.9 3.9 4.8 4.2 0.34 
Serosal thickness4 182.4ab 167.6b 174.6a 203.0ab 239.9 192.3ab 167.1b 170.1a 209.4a 14.63 
Goblet cell count2,3 57.2ab 63.3ab 47.6b 49.3b 66.1ab 48.6b 51.8ab 77.2a 75.1a 5.25 
Goblet cell density2 0.16abc 0.13abc 0.11c 0.13abc 0.15ab 0.12bc 0.15abc 0.18a 0.17ab 0.011 
Acidic goblet cells4 37.6abc 8.8d 13.7d 25.6cd 40.0ab 26.6bcd 44.5abc 47.6a 45.5ab 3.95 
Neutral goblet cells4 0.15b 6.50a 0.88b 1.08b 0.52b 0.53b 0.09b 1.52ab 0.74b 1.110 
Mixed goblet cells2,3 19.5bc 48.2a 33.2ab 22.6abc 25.6ab 21.4abc 7.3c 28.1abc 30.1abc 5.01 
 
1    Diets contained 7% silica sand (control), cellulose, or pectin with 3 (selected) graded levels of supplemental Thr (0, 4.8, and 9.6 
g/kg). Goblet cell density defined as number of goblet cells per m of villus height, and acidic, neutral and mixed goblet cell 
counts displayed as number per villus. 
2      Main effect of Fiber (P < 0.05). 
3      Main effect of Thr (P < 0.05). 
4       Fiber × Thr interaction (P < 0.05). 
abcd Means without a common superscript letter differ within a row (P < 0.05).
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Figures 
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Figure 3.1 Average body weight gain (g per chick) regressed on supplemental threonine (g/kg) 
for d 8-21 post-hatch. Diets contained 7% silica sand (control), cellulose, or pectin with 7 graded 
levels of supplemental threonine (0, 1.6, 3.2, 4.8, 6.4, 8.0, and 9.6 g/kg). Superscript letters 
denote significance between fiber-containing diets (P < 0.05). 
1 Threonine requirement estimate. 
2  Standard error of the requirement estimate. 
3  r-squared is the coefficient of determination, or the % of variability explained by treatment. 
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 Fiber        Thr Req.1    SE2     r-squared3
  Control     778.1a     158.40      0.81
  Cellulose  737.0a       51.82      0.91
  Pectin        576.0b       49.05      0.89
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Figure 3.2 Average body weight gain (g per chick) regressed on supplemental threonine intake 
(mg) for d 8-21 post-hatch. Diets contained 7% silica sand (control), cellulose, or pectin with 7 
graded levels of supplemental threonine (0, 1.6, 3.2, 4.8, 6.4, 8.0, and 9.6 g/kg). Superscript 
letters denote significance between fiber-containing diets (P < 0.05).  
1 Threonine requirement estimate. 
2  Standard error of the requirement estimate. 
3  r-squared is the coefficient of determination, or the % of variability explained by treatment. 
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Figure 3.3 Histological analyses of crypt depth in the ileum of 21 d-old New Hampshire × 
Colombian cross chicks. Periodic acid Schiff’s reagent-alcian blue (PAS-AB), was used 
(magnification 20×), with the scale being 0-300 µm. A = silica sand (control)-fed chicks; B = 
cellulose-fed chicks; C = Pectin-fed chicks. 
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Figure 3.4 Histological analyses of goblet cells in the ileum of 21 d-old New Hampshire × Colombian cross chicks. Periodic acid 
Schiff’s reagent-alcian blue (PAS-AB), was used to distinguish neutral (red/pink), and acidic (blue), mucins (magnification 20×), with 
the scale being 0-300 µm. A purple color indicated the presence of both neutral and acidic mucins. Total goblet cell count per villus 
and density (goblet cells per µm of villus length) were also determined. A = silica sand (control)-fed chicks; B = cellulose-fed chicks; 
C = Pectin-fed chicks. 
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Chapter 4 
 
MODULATION OF IMMUNE-RELATED GENE EXPRESSION BY DIETARY 
THREONINE AND PURIFIED DIETARY FIBERS DURING A COCCIDIOSIS 
CHALLENGE 
 
 
Abstract 
 
Coccidiosis is a major contributor to economic loss in the poultry industry due to its deleterious 
effects on growth performance and nutrient utilization. We hypothesized the synergistic effects 
of supplemental threonine (Thr) and purified dietary fiber may modulate the intestinal 
environment and positively affect intestinal immune responses and barrier function to intestinal 
pathogens of chicks infected with Eimeria maxima. A Thr-deficient basal diet (3.2 g of Thr/kg 
diet), supplemented with 7% silica sand (control) or high-methoxy pectin and one of two 
concentrations of Thr (1.8 or 5.3 g/kg diet; 4 diets total) was used. Chicks received either 0.5 ml 
of distilled water or an acute dose of Eimeria maxima (1.5x103 oocytes) with 6 replicate pens of 
6 chicks per each of 8 treatments. Chicks remained on study from hatch to day (d) 16 post-hatch.  
Body weight gain, feed intake, and gain:feed increased (P < 0.01) with addition of 5.3 g of Thr/ 
kg diet. Eimeria maxima schizonts were present only in intestinal tissue sampled from infected 
birds (P < 0.01). Cecal content weights were highest (P < 0.01) in pectin-fed birds; ceca with the 
heaviest weights also had the greatest total SCFA concentration. Cecal tonsil IL-1β mRNA 
expression increased (P < 0.01) with infection, but only in birds fed the low Thr diet; there was 
no effect of infection for birds fed the high Thr diet. Expression of cecal tonsil IL-1β also 
increased (P < 0.01) with inclusion of dietary pectin. Overall, we conclude that although pectin 
has some protective function against coccidiosis, Thr supplementation had the greatest effect on 
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intestinal immune response and maintenance of near normal growth of crossbred chicks infected 
with E. maxima. 
 
Introduction 
Coccidiosis is the most frequently reported and most economically important poultry-
related disease worldwide (Biggs, 1982; De Gussem, 2007); this disease costs the U.S. poultry 
industry over $1.5 billion annually (Lillehoj and Lillehoj, 2000). Clinical symptoms of a 
coccidiosis infection include decreased weight gain and feed efficiency as well as diarrhea, 
intestinal hemorrhage, and morbidity (Williams, 2005).  All of these symptoms are economically 
significant to the poultry industry. In poultry, the term, Coccidiosis, is defined as a parasitic 
disease caused by protozoans of the genus Eimeria.  E. maxima  is one of the most pathogenic of 
the seven species (De Gussem, 2007) due to high virulence, and only a few oocytes are required 
to elicit an immune response in the chicken (Yun et al., 2000). E. maxima specifically targets the 
ileum and, as an obligate intracellular parasite, invades the enterocyte where it replicates and 
overwhelms host defense systems (Lillehoj and Lillehoj, 2000). There are a variety of 
preventative strategies available to control coccidiosis, but the incidence of decreased sensitivity 
(i.e., increased resistance) to pharmaceutical agents has become inhibitory to continued success 
(De Gussem, 2007; Lillehoj and Lillehoj, 2000). To date, there are no new anti-coccidial drugs in 
development; therefore, further investigation into the effects of simple alternatives, e.g., diet, on 
a coccidiosis infection should be conducted. 
One approach is through addition of dietary soluble fiber. Dietary fiber is defined by the 
Institute of Medicine (2002) as “a non-digestible carbohydrate and lignin that are intrinsic and 
intact in plants.” Fibers are not hydrolytically digested by enzymes in the small intestine, but are 
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fermented by the resident anaerobic microbiota in the large intestine or ceca (Józefiak et al., 
2004). Fibers that are both soluble and fermentable, like pectin, a partially methoxylated polymer 
of galacturonic acid (Brown et al., 1979), bind large amounts of water during fermentation. This 
water binding capacity increases digesta viscosity within the GIT, thereby creating a gel-like 
consistency (Langhout et al., 1999).  Increased viscosity of digesta may hinder nutrient 
absorption (Józefiak et al., 2004), but fermentable fibers also could  inhibit pathogen 
colonization within the GIT (Liévin-Le Moal, 2006), thus eliciting improvements in the host 
immune response (Anderson et al., 2009). 
Ingestion of dietary pectin or inoculation with coccidial oocysts (via ingestion from 
contaminated litter) is known to decrease nutrient availability for the chick (Langhout et al., 
1999; Mosenthin et al., 1994). One nutrient that requires special attention here is threonine (Thr), 
which is an indispensable and sometimes limiting amino acid for poultry (Kidd and Baker, 
1996). Threonine is critical for intestinal growth, development, and maintenance due to its 
importance in the structure of mucins (i.e., the main component of the mucous layer, Burrin and 
Stoll, 2002), where it constitutes up to 11% of the amino acid structure encoded by the MUC2 
gene (Gum, 1992). Therefore, it has been suggested that mucin dynamics may be sensitive to Thr 
availability (Faure et al., 2007), and evidence from our lab corroborates this theory (Chapter 3). 
When the GIT is inflamed, the availability of Thr for incorporation into mucin may become 
limited, which could lead to an impairment of the mucus barrier function (Wang et al., 2009). An 
increase of dietary Thr may stimulate mucin synthesis and thereby re-establish the microbial 
community in favor of intestinal protection and healing (Faure et al., 2006). 
Although pectin is viewed as an anti-nutrient during times of health, we hypothesized that 
the addition of supplemental Thr and dietary pectin could benefit the innate immune response 
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during an active coccidiosis infection. Therefore, the objective of this study was to evaluate the 
combined effects of supplemental Thr and purified dietary pectin to modulate the intestinal 
environment, intestinal morphology, and innate immune response of chicks infected with 
Eimeria maxima. 
Materials and Methods 
All animal care procedures were approved by the University of Illinois Institutional 
Animal Care and Use Committee and Institutional Biosafety Committee before initiation of the 
experiments.  
Animals and Husbandry 
Four-hundred and thirty-two male New Hampshire × Colombian crossbred chicks were 
used in this experiment. Chicks were housed in thermostatically controlled starter batteries with 
raised wire floors in an environmentally controlled room with continuous lighting.  At hatch, 
chicks were weighed, wing-banded, and assigned to treatment groups, so initial body weights 
were similar among treatment groups. Six replicates of 6 chicks were randomly assigned to each 
treatment for the 16-d experiment. Feed and fresh water were offered ad libitum. Chicks and 
feeders were weighed on d 0, 10, and 16 of age to determine weight gain, feed intake, and 
gain:feed values. 
 Diets differed in the addition of silica sand (control) or high-methoxy pectin and the 
concentration of supplemental L-Thr; the experimental basal diet was Thr-deficient (3.2 g/kg 
diet; Tables 4.1 and 4.2). Each fiber-containing diet was further supplemented with one of two 
Thr concentrations (1.8 or 5.3 g/kg) to achieve 75% or 125% of the previously determined 
supplemental Thr requirement of 6.8 g/kg. Excluding Thr, all diets were formulated to meet or 
exceed NRC (1994)  recommendations. 
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Inoculation 
Sporulated E. maxima oocysts (Parasite Biology and Epidemiology Lab, USDA, 
Beltsville, MD) were diluted with distilled water immediately prior to inoculation.  Chicks were 
administered a single 0.5 ml oral dose of either 1.5x103 sporulated E. maxima oocysts or distilled 
water on d 10 post-hatch using 1-cc syringes without needles.   
Sample Collection  
On d 16 post-hatch (d 6 post-inoculation), chicks were euthanized by CO2 asphyxiation 
and immediately dissected. Ileal tissue was collected from two chicks out of each of 6 replicate 
pens per diet, and ceca from 6 chicks out of each of 6 replicate pens per diet. A segment of ileal 
tissue was sampled at the midpoint of the region extending from Meckel’s diverticulum to the 
ileocecal junction. A 2.54 cm segment was removed from the ileum and submersed in 10% 
neutral-buffered formalin for 24 h to fix the tissue. Ileal tissue samples were subsequently placed 
in 95% ethanol and submitted to the University of Illinois, College of Veterinary Medicine 
Histology Laboratory for tissue processing. The remainder of the ileum was used to collect 
mucosal scrapings for rtPCR analysis. Ileal mucosal scrapings and the cecal tonsils were sampled 
from two randomly chosen chicks per replicate.  Tissues were placed in RNAlater® solution and 
stored at -80°C pending analysis. Cecal contents were pooled per replicate pen of 6 chicks.  An 
aliquot of cecal contents was immediately transferred to a sterile cryogenic vial (Nalgene, 
Rochsester, NY) and snap-frozen in liquid nitrogen.  Additional aliquots were taken for 
measurement of pH, DM, short-chain-fatty-acids (SCFA), and branched-chain fatty acids 
(BCFA).   
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Chemical Analyses 
Fresh cecal contents were analyzed for DM according to AOAC (2006) methods.  Cecal 
SCFA and BCFA concentrations were determined by gas chromatography according to Erwin et 
al. (1961), using a gas chromatograph (Hewlett-Packard 5890A series II, Palo Alto, CA) and a 
glass column (180 cmx 4 mm i.d.) packed with 10% SP-1200/1% H3PO4 on 80/100+ mesh 
Chromosorb WAW (Supelco Inc., Bellefonte, PA); nitrogen was used as the carrier gas with a 
flow rate of 75 mL·min–1.  Oven, detector, and injector temperatures were 125, 175, and 180°C, 
respectively.  
Inflammatory Cytokine mRNA Expression 
 Total RNA was extracted from ileal mucosal scrapings and cecal tonsils using the Qiazol 
Lysis Reagent protocol and TissueLyser equipment (Qiagen, Valencia, CA) with a 5 mm steel 
bead (30 sec at 15 Hz).  Extracted RNA was quantified using a spectrophotometer (NanoDrop 
ND-1000, Nano-Drop Technologies, Wilmington, DE).  Ribonucleic acid samples were 
subjected to a 7x gDNA Wipeout Buffer and then converted to complementary DNA (cDNA) 
using a QuantiTec® Reverse Transcription kit (Qiagen, Valencia, CA).  Wipeout of gDNA and 
reverse transcription was performed in a thermocycler (model PTC-200, Biorad, Hercules, CA) 
with the program set for 2 min at  42ºC, 2 min at 4ºC, 15 min at 42ºC, 3 min at 95 ºC, and then 
cooled to 4 ºC.  The cDNA synthesized was stored at -20ºC. 
Quantitative real time PCR was performed using the Applied Biosystems (Foster, CA) 
TaqMan® Gene Expression Assay as previously described (Dilger and Johnson, 2010).  The 
cDNA was amplified by PCR where a target cDNA (interferon-γ [IFN-γ], Y07922; interleukin 
[IL]-1β, Y15006; IL-12β, NM_213571; IL-8, NM205498 ; mucin 2 [MUC2], BX930545) and 
reference cDNA (glyceraldehyde 3-phosphate dehydrogenase [GAPDH], K01458) were 
 78 
 
amplified using Taqman (Invitrogen, Carlsbad, CA), an oligonucleotide probe with a 5′ 
fluorescent reporter dye (6-FAM) and a 3′ non-fluorescent quencher dye (NFQ).  Fluorescence 
was determined on an ABI PRISM 7900HT-sequence detection system (Applied Biosystems, 
Forest City, CA).  Reactions with no reverse transcription and no template were included as 
negative controls.  Data were analyzed using the comparative threshold cycle (Ct) method (Livak 
and Schmittgen, 2001) and results are expressed as fold-change relative to the uninfected birds 
fed the silica sand (control), low-Thr diet. 
Histological Analysis 
Ileal samples were processed and double-stained with Alcian blue and periodic acid-
Schiff (AB-PAS) (Horn et al., 2009) to determine villus height, crypt depth, goblet cell count, 
goblet cell density, and goblet cell type. The AB-PAS stain was used specifically to quantify the 
number of acidic, neutral, and mixed (both acidic and neutral) goblet cells. Total goblet cell 
count was quantified by counting the number of positively stained goblet cells per villus, and 
goblet cell density was quantified by dividing the goblet cell count by villus height per each 
individual villus. Schizont (cells that are a part of the coccidiosis life cycle within the enterocyte) 
counts were quantified as number of cells per µm ileal tissue. 
Measurements of villus height and crypt depth were collected by selecting ten intact 
villi/crypts from up to 6 chickens per treatment. Villus height measurements extended from the 
crypt mouth up to the villus tip, and crypt depth was measured from the crypt mouth to the top of 
the crypt valley. Additionally, 20 serosal thickness measurements were collected from each 
subject selected for villi/crypt measurements. Serosal thickness was defined as extending from 
the top of the circular muscle layer to the bottom of the longitudinal muscle layer. Villus height: 
crypt depth (VH:CD) ratio was also calculated.  
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Statistical Analyses 
Data were analyzed by ANOVA with procedures appropriate for a completely 
randomized design using the GLM procedure of SAS (SAS Inst., Cary, NC). The statistical 
model included all fixed main effects and interactions of dietary fiber (control vs. pectin), 
supplemental dietary Thr (1.8 vs. 5.3 g/kg), and coccidiosis infection status (uninfected vs. 
infected). Least squares means were separated using a Tukey adjustment procedure. Outlier data 
were removed after analyzing data using the UNIVARIATE procedure of SAS to produce a 
normal probability plot based on residual data and visual inspection of the raw data. Outlier data 
were defined as data points three or more standard deviations from the mean. Differences among 
treatment level least square means with a probability of P < 0.05 were accepted as statistically 
significant, whereas mean differences with P-values ranging from 0.06 to 0.10 were accepted as 
trends. 
Results 
Growth Performance 
Body weight gain (g/chick) and gain:feed (G:F, g:kg) increased (P < 0.01) with the 
addition of high Thr for d 0-10 post-hatch (Table 4.3). For G:F, a trend (P < 0.07) was also 
observed during the uninfected period (d 0-10 post-hatch) for an interaction between fiber and 
Thr, where the control high-Thr treatment elicited the highest G:F. For the infection period (d 
10-16 post-hatch), weight gain, feed intake (FI, g/chick), and G:F all increased (P < 0.01) with 
the addition of high-Thr. Pectin-fed birds had decreased weight gain and G:F when infected 
(fiber×infection, P < 0.05) (Table 4.4).   
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Cecal Environment Data 
 Cecal content weights (on a dry matter basis, DMB) exhibited a three-way interaction 
between fiber, Thr, and infection (P < 0.01; Figure 4.1). Cecal content weights were highest (P < 
0.01) in pectin-fed birds, except for the uninfected, high-Thr birds specifically that had cecal 
content weights as low as the control treatments (fiber×Thr×infection , P < 0.01); all other 
treatments were equal. Cecal content pH of birds receiving pectin remained high (averaging 6.5) 
regardless of infection status, but were highest (P < 0.01) in the uninfected high-Thr 
supplemented birds (Figure 4.2). The control-fed, uninfected birds had an average pH of 6.1, 
which was increased (P < 0.01) to match the pectin-fed birds (approximately 6.5) when they 
were infected.  
 Total SCFA production ranged from 7 – 20 µmol/ceca, DMB. Acetate constituted the 
largest proportion (6.8 – 15 µmol/ceca, DMB) of total SCFA, followed by butyrate and 
propionate (1.4-3.1 µmol/ceca, DMB). Total SCFA, acetate, propionate and butyrate all 
exhibited three-way interactions (P < 0.03) between fiber, Thr and infection (Figure 4.3). Total 
SCFA concentration was decreased in the control uninfected treatments compared with all other 
treatments, except for the pectin high-Thr supplemented group when uninfected; similar effects 
were observed for acetate and butyrate production. Propionate had a similar effect, but the 
infected, pectin-fed, low-Thr supplemented diet was specifically decreased to match the control 
uninfected treatments. Numerically, the ceca with the heaviest weights also had the greatest total 
SCFA concentration. 
 BCFA concentration remained at low concentrations (<0.8 µmol/ceca, DMB), when 
compared to SCFA concentration (< 20 µmol/ceca, DMB; Table 4.6). Total BCFA, isobutyrate, 
isovalerate and valerate all exhibited an interaction (P < 0.01) between fiber and infection. 
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Pectin-fed birds that were infected had decreased total SCFA and isobutyrate concentration 
compared with all other treatments, which remained equal. Isovalerate was lowest in the 
uninfected control treatment (fiber×infection P < 0.01). Isovalerate also had a fiber by Thr 
interaction (P < 0.05), whereas the pectin-fed, high-Thr treatment elicited the highest 
concentration. Valerate concentration was also influenced by a fiber by Thr interaction (P < 
0.05), where concentration was highest in the control treatment supplemented with low-Thr. 
Gene Expression Data 
 Cecal Tonsils. Interleukin-1β mRNA expression increased (P < 0.01) with infection, but 
only in birds fed the low Thr diet (Table 4.7); there was no effect of infection for birds fed the 
high Thr diet. Expression of IL-1β also was increased (P < 0.01) with inclusion of dietary pectin. 
Interferon-γ expression increased due to infection, but only in control-fed birds (fiber×infection 
interaction, P < 0.001) (Figure 4.4). Expression of IFNG also was increased with addition of 
high-Thr, with the highest expression in the uninfected high-Thr treatment, when compared with 
the low-Thr treatments (Thr×infection, P < 0.02). A trend for a three-way interaction between 
fiber, Thr, and infection (P < 0.06) also was noted for IFNG, with the infected control birds 
having the greatest expression. Expression of neither IL-12 nor IL-8 was affected by any 
treatment. 
 Ileal Mucosa. Interleukin-12 expression was increased in infected birds fed the control 
diet supplemented with high-Thr (fiber×Thr×infection, P < 0.01; Figure 4.5). All other 
treatments had equally low expression. Neither IFNG nor MUC2 were affected by any 
treatments (Table 4.6). 
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Histological Data 
Villus height was affected by infection, with the greatest height exhibited in infected, 
pectin-fed birds receiving the low Thr diet (fiber×Thr×infection, P < 0.01; Table 4.8). Crypts 
were deepest in infected control-fed birds receiving the high Thr diet (fiber×Thr×infection, P < 
0.01). The thickness of the serosa in the pectin-fed birds was decreased with infection, most 
notably in birds supplemented with high-Thr (fiber×Thr×infection, P < 0.01).  The VH:CD ratio 
was decreased in the control treatment when infected (fiber×infection, P < 0.01), as well as in the 
infected treatment, supplemented with high-Thr (Thr×infection, P < 0.03). There also was a 
trend (P = 0.07) for infection to decrease the VH:CD ratio overall. Numerically, the longer the 
villi, the deeper the crypts, and in the infected treatments, crypt depth and serosal thickness were 
almost exactly the same length/thickness. 
There was no effect of treatment on acidic, neutral, or total goblet cell count or density, 
but mixed goblet cells were greatest in uninfected birds fed the low-Thr diet (Thr×infection, P < 
0.01; Table 4.8); all other treatments were equally low. Schizonts were present only in intestinal 
tissue sampled from infected birds (P < 0.01; Figure 4.6). The number of schizonts present in 
control-fed birds increased (P < 0.01) when fed the high-Thr diet. Schizont counts within the 
pectin treatments were so low that there was no significant difference between the pectin-fed, 
infected treatments and any of the uninfected treatments.   
Discussion 
The objective of the current study was to evaluate the combined effect of supplemental 
Thr and purified dietary pectin in modulating the intestinal environment and the immune 
response to E. maxima infection in the young chick. We observed that the combined effects of 
pectin and high supplemental Thr generally had beneficial effects on both the cecal environment 
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and intestinal immune response. Therefore, although pectin has some protective function against 
coccidiosis, its effects on growth were detrimental to production, but Thr supplementation had 
the greatest effect on intestinal immune response, and maintenance of near normal growth of 
crossbred chicks infected with E. maxima. 
Increased Thr supplementation improved all growth characteristics across treatments, 
which provides concrete evidence that the experimental basal diet was first-limiting in Thr. As 
expected, growth characteristics typically decreased during infection, and the reduction observed 
in this study suggests an appropriate acute dose of E. maxima was used. The effect of infection 
was most evident in the pectin treatment, where infection significantly lowered gain and G:F 
values from all other treatments, including the infected control. The infected control treatment 
had equal gain with all the uninfected treatments. One should not overlook the fact that pectin 
has inherent anti-nutritive qualities for the young chick (Langhout et al., 1999). This effect was 
not seen in the uninfected treatments because previous research (Chapter 3) dictated that 
supplemental cornstarch should be added to the pectin diet to ensure maximal growth (i.e., 
isocaloric diets). Data suggest that in times of infection, pectin may enhance the detrimental 
effects on growth seen in a typical subclinical coccidiosis infection. 
The control diet had no effect on cecal content weights, but pectin generally increased 
cecal content weights, excluding the uninfected high-Thr supplemented birds. Previous research 
suggests that addition of dietary fiber to poultry diets increases fermentation within the ceca, 
which may lead to hypertrophy of the ceca (Redig, 1989). Overall, pectin and infection both 
increased total SCFA concentration, which is reflective of effects observed for acetate and 
butyrate individually.  In a study by Miller (1976), mallard ducks were fed either low-fiber or 
high-fiber diets, and there was an increase in cecal size in birds due to high dietary fiber. In our 
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study, numerically heavier cecal contents paralleled greater concentration of fermentative end-
products. As expected, SCFA concentration was the bulk of the fermentative end-products 
(approximately 20 µmol/ceca, DMB), and BCFA concentrations were only in trace amounts 
(approximately 0.08 µmol/ceca, DMB). Acetate concentration constituted approximately 80% of 
the total SCFA produced in each treatment, and pectin tended to increase its production, 
excluding the uninfected, high Thr treatment.  
The cecal content pH of the pectin treatment remained high (approximately 6.5), 
regardless of infection status. The control uninfected birds had an average pH of 6.1, which was 
increased to match the pectin-treated birds (approximately 6.5) when they were infected at d 6 
post-inoculation. Infection with coccidiosis is known to decrease intestinal pH. Faber et al. 
(2012) determined that cecal pH ranged from 6.4 - 7.0 at d 6 post-inoculation (as in the current 
study) in birds infected with  E. acervulina and fed varying amounts of soluble fiber. Thus, cecal 
pH in E. maxima-infected birds in our study were in line with previous findings, even though a 
different species of Eimeria was used. We expected the uninfected pectin treatment to elicit a 
decreased cecal pH compared with all other treatments due to the concentration of SCFA (van 
der Wielen, 2000). However, cecal content pH and total SCFA concentration did not appear to be 
paralleled in our study. This is mostly due to the uninfected pectin-fed birds that received the 
high-Thr supplemented diet. In this case, birds had a low cecal content weight (equal to the 
control treatments), but the highest pH (6.8) and lowest SCFA concentration.  
Uninfected control treatments had the lowest pH , although still within normal range 
(5.65 - 7.8; Józefiak et al., 2004). The control diets had approximately 8 g/kg of silica sand 
added. Silica sand is an inert feed ingredient that likely behaved as a dietary diluent, decreasing 
the density of nutrients entering the ceca. Regardless of the nutrient concentration entering the 
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ceca, the same microbial is present, yielding an increased rate of fermentation of the diluted 
fermentable substrates included in the feed. An effect of this type can be inferred by data from 
Gutierrez et al. (2002) who found that starch digestion decreased cecal pH when rabbits were fed 
diets containing mushroom fiber. Starch is a readily fermentable substrate for cecal 
microorganisms and without anti-nutritive effects of pectin (i.e., increased viscosity) or infection, 
the nutrients contained in the control diet would have theoretically been more readily available 
for utilization by the cecal microbiota. Overall, if a semi-purified diet had been used, (no corn or 
SBM in the basal diet), the effect of supplemental purified dietary fiber on cecal pH may have 
been greater. 
Birds receiving pectin- and Thr-supplementation were equally as high in SCFA 
concentration as the uninfected low Thr-supplemented group.  Star et al. (2012) observed that a 
higher Thr:Lys ratio is needed when birds are infected with Clostridium perfringens, and 
Mosenthin et al. (1994) determined that dietary addition of 7.5% pectin decreased  apparent fecal 
Thr digestibility by 8% in pigs. In the current study, it was determined that infected birds fed 
pectin-containing diets had a 25% increase in total SCFA concentration and cecal content 
weights with addition of high Thr-supplementation. An increase in the need for Thr during a 
parasitic infection could also be due to the ability of pectin to decrease nutrient utilization 
(Langhout et al., 1999); thus, the combined effects of both pectin and infection may increase the 
requirement for Thr. 
 The need for increased Thr during infection also could be due to the role that Thr plays 
in the immune system.  Faure et al. (2007) observed that in rats exhibiting sepsis, Thr utilization 
for protein synthesis in the gut and plasma proteins was 446 µmol/d, which was 2.6 times the 
dietary Thr intake of 2-d-old rats. These authors suggested an increased Thr requirement was 
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required to overcome acute increases in muscle protein mobilization to fuel the inflammatory 
response. Therefore, when the intestine is inflamed, supplemental Thr may have protective 
functions both in maintenance of the mucus barrier (Wang et al., 2009), as well as in maintaining 
normal growth. In our current study, the high supplemental Thr treatment was 25% above the 
previously determined Thr requirement of 6.8 g/kg diet. Therefore, a further increase in Thr 
supplementation may have balanced the decrease in gain resulting from the combined effects of 
infection and pectin inclusion. 
Pectin inclusion in the diet decreased E. maxima infiltration into enterocytes, as seen by 
the number of schizonts present in the pectin treatments (identical to the uninfected treatments). 
Therefore, although pectin decreased growth characteristics, it did appear to provide benefit in 
the face of an active parasitic infection. The addition of pectin to the diet may impose the same 
protective effects on parasites as the intestinal mucus layer. Pectin, through its increase in digesta 
viscosity, may decrease the ability of the pathogen to colonize within the GIT through physical 
impairment.  Conversely, the control-fed infected birds had the highest number of coccidiosis 
schizonts, which is consistent with the cytokine expression data where control-fed, infected birds 
exhibited the numerically largest expression of IL-12 in the mucosal scrapings and IFNG in the 
cecal tonsils. During an acute infection, IFNG is dependent on IL-12 stimulation to be produced 
at high levels (Gazzinelli et al., 1994; Jouanguy et al., 1999). Therefore in the control treatment, 
IL-12 expression may be up-regulated in the mucosa to increase IFN-gamma production from 
the cecal tonsils during infection. 
Pectin and Thr may play a synergistic role in regulating the intestinal immune response. 
Threonine appeared to play a protective role in the cecal tonsils, as IL-1β expression was 
increased with infection (in both the control and pectin treatments) but only in low Thr-fed birds. 
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This effect was also seen in ileal mucosal scrapings where the pectin-fed infected birds had 
lower IL-12 expression when receiving the high Thr diet. Bhargava et al. (1971) also suggested 
the requirement for Thr increased greater than the 7 g Thr/kg diet required for maximal growth 
when birds experienced an acute immune response.  
The combined effects of high Thr and purified pectin also influenced gut morphology. 
Overall, during infection, the low-Thr supplemented birds had longer villi, but most specifically 
in the pectin-fed birds. Pectin may create a further Thr deficiency, in the low-Thr supplemented 
birds, due to its known anti-nutritional effects (Langhout et al., 1999; Mosenthin et al., 1994). 
Increased villus height yields more surface area to absorb nutrients; therefore the low-Thr 
supplemented birds may have had increased villus height to try to capture more nutrients. This 
increase in surface area may not have been needed in birds receiving a higher concentration of 
Thr in the diet. These results in the infected pectin, low-Thr supplemented birds may be due to 
prioritization of nutrients during immune distress. The pectin infected birds had the largest 
decrease in growth. Therefore, the additional energy added to the diet balanced any anti-
nutritional effects that may have been seen in the uninfected diet, but may have gone to aid the 
immune response in the infected pectin-fed birds; most specifically when supplemented with 
low-Thr. As previously stated, the infected pectin low-Thr treatment may have been more 
deficient in Thr than any other treatment. Therefore any absorbed Thr or energy may have been 
utilized, in part, by the enterocytes to maximize nutrient uptake during infection (e.g., increased 
villus height), but also to enhance the immune system at the expense of growth. Cecal tonsil IL-
1β, and IFNG and mucosal scraping IL-12 were all up-regulated in the infected pectin, low-Thr 
supplemented diet over the high-Thr supplemented group. There was no effect of either pectin 
infected treatments on goblet cell count or type; therefore, any effect on mucosal barrier function 
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is unrealized. Therefore during infection, when supplemented with pectin and low-Thr, nutrients 
may be utilized to stimulate the immune system against pathogens at the expense of growth.  
Further investigation into the combined effects of pectin and Thr should be conducted. In 
terms of growth performance, pectin certainly exhibited anti-nutritive effects in the young chick. 
Although pectin may exhibit some protective effects during an active inflammatory response, the 
decrease in weight gain and the induction of an immune response when the birds were uninfected 
are economically detrimental to a producer. Therefore, further investigation into the proper 
inclusion level of pectin in a diet to exhibit some protective effects is warranted. Investigation 
into feedstuffs containing higher levels of pectic polysaccharides should be investigated to 
determine their effects on nutrient availability. Overall, there was a positive response to 
increased Thr supplementation; therefore, the proper Thr concentration to be included with 
fibrous feeds and during immune distress also should be further examined. The high Thr level 
used in our study was 25% above the previously determined total Thr requirement of 6.8 g/kg 
(Chapter 3), which begs the question of whether immune characteristics are even more 
responsive to higher supplementation levels. Overall, we conclude that although pectin has some 
protective function against coccidiosis, Thr supplementation had the greatest effect on intestinal 
immune response and maintenance of near normal growth of crossbred chicks infected with E. 
maxima. 
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Tables 
 
Table 4.1 Ingredient composition of the experimental basal diet, as-fed basis1 
Ingredients g/kg
Corn2 385.4
Soybean meal 132.3 
Arenaceous flour 0 
Cellulose (Avi-Cel) 0 
Pectin (high methoxy) 0 
Soy oil 66.1 
Salt 4.4 
Limestone 15.4 
Di-calcium phosphate 22.0 
Vitamin premix3 2.2 
Mineral premix4 1.7 
Choline chloride 1.3 
Titanium dioxide 0.4 
Cornstarch 136.7 
L-Met 4.2 
L-Thr (feed grade) 0 
Amino Acids5 227.8 
1 Experimental diets contained 7% silica sand (i.e., arenaceous flour), or pectin (Tic Pretested® 
Pectin HM, Tic Gums, White Marsh, MD); pectin diets had additional cornstarch added (13.4 
g/kg diet) to increase the caloric content of the diet; this was balanced by silica sand in the 
control treatment. Each series of fiber-containing diets also contained supplemental 
concentrations of crystalline L-Thr (1.8 or 5.3 g/kg) at the expense of silica sand; 4 
experimental diets total. 
2 Corn was ground through the following hammer mill screen sizes: 1.59 and 9.52 mm. This 
provided an average particle size of 557 and 1,387 μm, respectively. 
3  Provided per kilogram of diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 g; DL--
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; D-Ca-pantothenate, 10 
mg; niacin, 22 mg; menadione sodium bisulfite, 2.33 mg. 
4 Provided as milligrams per kilogram of diet: Mn, 75 from MnO; Fe, 75 from FeSO4• 7H2O; Zn, 
75 from ZnO; Cu, 5 from CuSO4•5H2O; I, 0.75 from ethylene diamine dihydroiodide; Se, 0.1 
from Na2SeO3. 
5 The amino acid mixture contains L-Arg (free-base)7.6 g/kg, L-Cystine 3.1 g/kg, L- His 3.0 
g/kg, L-Ile 5.3 g/kg, L-Leu 4.5 g/kg, L-Lys HCL (feed grade), 13.6, L-Phe 4.4 g/kg, L-Trp 
(feed grade), 1.3 g/kg, L-Tyr 2.0 g/kg, L-Val 5.6 g/kg, and L-Glu 177.4 g/kg. 
 
 93 
 
Table 4.2 Calculated nutrients and energy of the basal diet  
 Ingredient Experiment 3 
Crude protein,  g/kg 86.4 
Metabolizable energy, kcal/kg 2486.9 
Calcium, g/kg 10.1 
Total phosphorus (tP), g/kg 5.4 
Ca:tP ratio 1.9 
Total amino acids, g/kg  
   Arginine  12.5 
   Histidine  5.0 
   Isoleucine 8.4 
   Leucine  12.4 
   Lysine   16.8 
   Methionine  5.2 
   Methionine + Cysteine 9.5 
   Phenylalanine 8.3 
   Phenylalanine + Tyrosine 13.5 
   Threonine 3.2 
   Tryptophan 2.3 
   Valine 9.2 
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Table 4.3 The combined effects of purified dietary fiber and supplemental threonine 
concentration on growth performance of young chicks prior to E. maxima inoculation (d 0-10 
post-hatch)1 
 
 
 
 
1  Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of 
supplemental threonine (1.8 and 5.3 g/kg).    
2  Supplemental threonine concentration. 
3  Standard error of the mean. 
4  Main effect of Thr (P < 0.01). 
ab Means without a common superscript letter differ within a row (P < 0.05). 
 
 
 
Feed Additive Silica Sand (Control) Pectin  
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 SEM3 
Weight gain, g/chick4 29.5b 39.5a 31.9b 39.2a 1.32 
Feed intake, g/chick 59.6 64.5 60.9 66.5 2.31 
Gain:feed, g:kg4 494.2b 621.0a 523.2b 595.3a 13.71 
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Table 4.4 The combined effects of purified dietary fiber and supplemental Thr concentration on growth performance of young chicks 
infected with E. maxima coccidiosis (d 10-16 post-hatch)1 
 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental Thr (1.8 and 5.3 g/kg).  
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4   Main effect of Fiber (P < 0.05). 
5   Main effect of Thr (P < 0.01). 
6   Main effect of Infection (P < 0.05). 
7   Fiber*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05). 
 
 
 
 
 
 
 
 
Feed Additive Silica Sand (Control) Pectin 
SEM3 
Infection Status Uninfected Infected Uninfected Infected 
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 
Weight gain, g/chick4,5,6,7 31.4cd 43.0ab 26.8cd 44.4ab 30.5cd 44.9a 22.9d 34.4bc 2.24 
Feed intake, g/chick5 65.3ab 74.5ab 60.6b 82.1a 69.7ab 83.7a 64.8ab 83.5a 4.52 
Gain:feed, g/kg4,5,6,7 480.5bc 577.9a 441.2c 545.4ab 442.1c 537.9ab 351.3d 408.6cd 17.64 
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Table 4.5 The combined effects of purified dietary fiber and supplemental threonine concentration on cecal branch-chain fatty acid 
(BCFA) concentrations in  young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental Thr (1.8 and 5.3 g/kg). 
Contents of all replicates per treatment were pooled. Values are expressed on a dry matter basis. 
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4    Main effect of Fiber (P < 0.01). 
5    Main effect of Thr (P < 0.01). 
6    Main effect of Infection (P < 0.05). 
7     Fiber*Thr interaction (P < 0.05). 
8     Fiber*Infection interaction (P < 0.05). 
9   Fiber*Infection interaction (P < 0.01). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Pectin  
Infection Status Uninfected Infected Uninfected Infected  
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3 
Isobutyrate6,9 0.20a 0.16ab 0.17ab 0.17ab 0.21a 0.22a 0.05b 0.08b 0.021 
Isovalerate7,8 0.13 0.09 0.16 0.16 0.14 0.16 0.08 0.15 0.020 
Valerate4,6,7,8 0.21ab 0.11bc 0.32a 0.25ab 0.11bc 0.10bc 0.06c 0.09bc 0.031 
Total BCFA4,5,7,8 0.52a 0.30bc 0.60a 0.46ab 0.47ab 0.43ab 0.19c 0.27bc 0.045 
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Table 4.6 The combined effects of purified dietary fiber and supplemental threonine concentration on gene expression of pooled cecal 
tonsils and ileal mucosal scrapings (reported as fold-change) in young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental Thr (1.8 and 5.3 g/kg).  
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4   Pooled from 2 chicks per replicate of 6 chicks. 
5   Pooled from 6 chicks per replicate of 6 chicks. 
6    Main effect of fiber (P < 0.01). 
7    Thr*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05). 
Feed Additive Silica Sand (Control) Pectin  
Infection Status Uninfected Infected Uninfected Infected  
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3 
Cecal Tonsils5          
IL-12 1.0 1.3 1.1 1.6 1.4 1.5 1.8 1.3 0.24 
IL-1β6,7 1.0c 1.7abc 2.1abc 1.4bc 1.5bc 3.6ab 3.9a 2.3abc 0.49 
IL-8 1.0 0.7 0.8 0.7 1.1 0.9 1.0 0.8 0.11 
Mucosal Scrapings4          
Muc2 1.0 1.2 1.1 1.0 1.5 1.5 1.3 1.2 0.16 
IFNG 1.0 1.1 2.2 3.2 2.5 2.8 2.1 1.6 0.59 
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Table 4.7 The combined effects of purified dietary fiber and supplemental threonine concentration on histological measures (µm) 
from ileal tissues in young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1    Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental Thr (1.8 and 5.3 g/kg). 
Goblet cell density defined as number of goblet cells per m of villus height, and acidic, neutral, mixed goblet cells, and schizont 
counts displayed as number per villus. 
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4     Main effect of Fiber (P < 0.05). 
5     Main effect of Thr (P < 0.01). 
6     Main effect of Infection (P < 0.05). 
7     Fiber*Infection interaction (P < 0.01). 
8     Thr* Infection interaction (P < 0.05). 
9     Fiber*Thr*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Pectin  
Infection Status Uninfected Infected Uninfected Infected  
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3
Villus Height, µm6,8,9 298.7abc 254.4bc 
b
317.9ab 296.6abc 218.8c 287.7abc 342.9a 242.6bc 16.99 
Crypt Depth,  µm4,6,7,9 78.2ab 65.0b 96.6ab 106.7a 73.6b 83.3ab 81.5ab 65.9b 6.59 
Villus Height:Crypt Depth7,8 3.9a 4.0a 3.3ab 2.8b 3.4ab 3.5a 4.0a 3.7a 0.15 
Serosal Thickness, µm4,7,9 103.8a 81.4ab 94.4ab 101.3a 77.3ab 103.9a 82.2ab 69.9b 7.00 
Total Goblet Cell Count 47.3 43.0 38.1 40.2 42.6 51.8 52.8 38.5 3.81 
Goblet Cell Density 0.16 0.17 0.14 0.14 0.20 0.18 0.17 0.18 0.014 
Acidic Goblet Cells 37.1 41.1 39.6 37.4 36.7 49.0 48.8 35.0 4.28 
Neutral Goblet Cells 0.03 0.02 0.00 0.00 0.05 0.14 0.00 0.12 0.06 
Mixed Goblet Cells5,6,8 8.5a 2.3b 1.8b 2.8b 8.2a 1.2b 2.6b 1.8b 1.10 
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Figure 4.1 Dietary fiber×supplemental threonine×infection interaction, (P < 0.01), on cecal 
content weight of young chicks (d 16 post-hatch). Diets contained 7% silica sand (control) or 
pectin with two (selected) concentrations of supplemental threonine (1.8 and 5.3 g/kg). Contents 
of all replicates per treatment were pooled. Values are expressed on a dry matter basis. The solid 
black arrow depicts difference between means that were significant based on supplemental 
threonine, g/kg diet, with the dashed arrows depicting insignificance.
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Figure 4.2 Dietary fiber×infection interaction, (P < 0.01), on cecal content pH of young chicks 
(d 16 post-hatch). Diets contained 7% silica sand (control) or pectin with two (selected) 
concentrations of supplemental threonine (1.8 and 5.3 g/kg). Contents of all replicates per 
treatment were pooled. The solid black arrow depicts difference between means that were 
significant based on supplemental Thr, g/kg diet, with the dashed arrows depicting 
insignificance.
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Figure 4.3 Dietary fiber×supplemental threonine×infection interaction, (P < 0.01), on cecal content SCFA concentration of young 
chicks (d 16 post-hatch). Diets contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental 
threonine (1.8 and 5.3 g/kg). Contents of all replicates per treatment were pooled. Values are expressed on a dry matter basis. Solid 
black arrows depict differences between means that were significant based on supplemental threonine, g/kg diet, with the dashed 
arrows depicting insignificance.
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Figure 4.4 Dietary fiber×supplemental threonine×infection interaction, (P < 0.01), on mucosal 
scraping IL- 12 expression of young chicks (d 16 post-hatch). Diets contained 7% silica sand 
(control) or pectin with two (selected) concentrations of supplemental threonine (1.8 and 5.3 
g/kg). The solid black arrow depicts difference between means that were significant based on 
supplemental threonine, g/kg diet, with the dashed arrows depicting insignificance. 
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Figure 4.5 Dietary fiber×infection interaction, and a supplemental threonine×infection 
interaction, (P < 0.05), on cecal tonsil IFNG expression of young chicks (d 16 post-hatch). Diets 
contained 7% silica sand (control) or pectin with two (selected) concentrations of supplemental 
threonine (1.8 and 5.3 g/kg). Solid black arrows depict differences between means that were 
significant based on supplemental threonine, g/kg diet, with the dashed arrows depicting 
insignificance.
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Figure 4.6 Dietary fiber×supplemental threonine×infection interaction, (P < 0.05), on 
histological schizont count of young chicks (d 16 post-hatch). Diets contained 7% silica sand 
(control) or pectin with two (selected) concentrations of supplemental threonine (1.8 and 5.3 
g/kg). The solid black arrow depicts difference between means that were significant based on 
supplemental threonine, g/kg diet, with the dashed arrows depicting insignificance. 
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APPENDIX 
 
Chapter 3, Experiment 2, Growth Performance Data 
Table A.1 Combined effects of purified dietary fiber and supplemental threonine concentration 
on growth performance of young chicks for each time period (d 8-14, 14-21, and 8-21 post-
hatch)1 
 
Feed Additive Supp. Thr Conc., g/kg 
Weight Gain, 
g/chick 
Feed Intake, 
g/chick G:F, g:kg 
D 8-14 post-hatch3,4,5     
Silica Sand (Control) 0.0 33.1ef 97.4cd 339.1fgh 
1.6 52.4de 112.6bc 464.0cde 
3.2 73.0bc 129.2ab 568.9abc 
4.8 77.0ab 130.2ab 591.8ab 
6.4 89.3a 152.0a 591.2ab 
8.0 79.1ab 129.0ab 613.7ab 
9.6 80.4ab 120.4bc 668.1a 
Cellulose 0.0 28.8fe 97.4cd 295.1gh 
1.6 60.5cd 129.8ab 471.0cde 
3.2 72.3bc 127.5ab 567.7bc 
4.8 72.3bc 123.0bc 589.9ab 
6.4 74.2bc 116.9bc 635.5ab 
8.0 75.9ab 124.9ab 608.7ab 
9.6 72.5bc 121.1bc 600.6ab 
Pectin 0.0 20.3g 80.5d 254.8h 
1.6 42.9ef 116.2bc 369.0efg 
3.2 54.1de 123.1bc 441.7de 
4.8 52.7de 116.7bc 453.9de 
6.4 49.5de 120.5bc 412.4def 
8.0 53.1de 117.3bc 454.2de 
9.6 55.2de 118.2bc 468.8cd 
SEM2  2.72 5.25 19.23 
D 14-21 post-
3 4 6
    
Silica Sand (Control) 0.0 18.0g 94.7cd 186.2ef 
1.6 55.0cdef 131.3bcd 416.2bcd 
3.2 80.3ab 155.3ab 517.4abc 
4.8 76.9abcd 148.5ab 519.0abc 
6.4 95.3a 195.2a 500.8abc 
8.0 88.6a 159.7ab 555.4abc 
9.6 90.8a 145.1b 613.7a 
Cellulose 0.0 12.0g 94.4cd 114.8f 
1.6 48.8f 148.9ab 337.1de 
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Table A.1 Continued 
 
Cellulose 3.2 73.6abcde 145.3b 527.7abc 
4.8 74.7abcde 140.3bc 536.8abc 
6.4 79.6abc 160.6ab 505.7abc 
8.0 77.2abc 143.7b 536.9abc 
9.6 87.7a 160.3ab 551.2abc 
Pectin 0.0 13.4g 81.3d 158.0f 
1.6 41.7f 126.6bcd 334.3dc 
3.2 53.8ef 131.3bc 411.6bcd 
4.8 54.8def 139.1bc 402.5cd 
6.4 57.8cdef 139.1def 417.0bcd 
8.0 56.1cdef 134.0bc 417.3bcd 
9.6 59.1bcdef 145.3b 408.7cd 
SEM2  4.29 9.03 29.18 
D 8-21 post-hatch3,4,6     
Silica Sand (Control) 0.0 51.1e 192.1cde 265.8gh 
1.6 107.4d 243.8bcd 438.6bcdef 
3.2 153.3ab 284.5ab 540.3abcd 
4.8 153.9ab 278.7ab 553.2ab 
6.4 184.6a 347.1a 538.2abcde 
8.0 167.7ab 288.7ab 580.2a 
9.6 171.2ab 265.5b 640.2a 
Cellulose 0.0 41.2e 183.6de 227.7h 
1.6 109.3d 278.6ab 399.1f 
3.2 145.9bc 272.8b 542.3abc 
4.8 147.0b 263.3b 561.1a 
6.4 153.8ab 277.5ab 558.8ab 
8.0 153.1ab 268.6b 570.4a 
9.6 160.2ab 281.4ab 572.1a 
Pectin 0.0 33.7e 161.8e 208.4h 
1.6 84.6d 242.9bcd 349.2fg 
3.2 107.9d 254.4bc 425.8ef 
4.8 107.5d 255.8bc 425.1ef 
6.4 107.3d 259.5b 413.9f 
8.0 109.2d 251.3bc 434.1def 
9.6 114.3cd 263.4b 435.0cdef 
SEM2  6.13 13.0 20.82 
 
1 Diets contained 7% silica sand (control), cellulose, or pectin with 7 graded levels of 
supplemental Thr (0, 1.6, 3.2, 4.8, 6.4, 8.0, and 9.6 g/kg). 
2  Standard error of the mean. 
3 Main effect of Fiber (P < 0.01) on weight gain, feed intake, and G:F. 
4 Main effect of Thr (P < 0.01) on weight gain, feed intake, and G:F. 
5 Fiber*Thr Interaction (P < 0.05) in weight gain, feed intake, and G:F. 
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6 Fiber*Thr Interaction (P < 0.05) in weight gain, and G:F. 
abcdefgh Means without a common superscript letter differ within a column (P < 0.05).
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Chapter 4 Omitted Cellulose Treatment Results 
Table A.2 Ingredient composition of the experimental basal diet, as-fed basis1 
Ingredients g/kg
Corn2 385.4
Soybean meal 132.3 
Arenaceous flour 0 
Cellulose (Avi-Cel) 0 
Pectin (high methoxy) 0 
Soy oil 66.1 
Salt 4.4 
Limestone 15.4 
Di-calcium phosphate 22.0 
Vitamin premix3 2.2 
Mineral premix4 1.7 
Choline chloride 1.3 
Titanium dioxide 0.4 
Cornstarch 136.7 
L-Met 4.2 
L-Thr (FG) 0 
Amino Acids5 227.8 
1 Experimental diets contained 7% of silica sand (i.e., arenaceous flour), or cellulose (Ticacel 
100, Tic Gums, White Marsh, MD). Each series of fiber-containing diets also contained 
supplemental concentrations of crystalline L-Thr (1.8 or 5.3 g/kg) at the expense of silica sand; 
4 experimental diets total. 
2 Corn was ground through the following hammer mill screen sizes: 1.59 and 9.52 mm. This 
provided an average particle size of 557 and 1,387 μm, respectively. 
3  Provided per kilogram of diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 g; DL--
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; D-Ca-pantothenate, 10 
mg; niacin, 22 mg; menadione sodium bisulfite, 2.33 mg. 
4 Provided as milligrams per kilogram of diet: Mn, 75 from MnO; Fe, 75 from FeSO4• 7H2O; Zn, 
75 from ZnO; Cu, 5 from CuSO4•5H2O; I, 0.75 from ethylene diamine dihydroiodide; Se, 0.1 
from Na2SeO3. 
5 The amino acid mixture contains L-Arg (free-base)7.6 g/kg, L-Cystine 3.1 g/kg, L- His 3.0 
g/kg, L-Ile 5.3 g/kg, L-Leu 4.5 g/kg, L-Lys HCL (FG) 13.6, L-Phe 4.4 g/kg, L-Trp (FG) 1.3 
g/kg, L-Tyr 2.0 g/kg, L-Val 5.6 g/kg, and L-Glu 177.4 g/kg.
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Table A.3 Calculated nutrients and energy of the basal diets  
 Ingredient Experiment 3 
Calculated Nutrients and Energy  
Protein,  g/kg 229.4 
ME, kcal/kg 2486.9 
Ca, g/kg 10.2 
Total P, g/kg 5.4 
Ca:tP 1.9 
Total amino acids, g/kg  
   Arginine  12.5 
   Histidine 5.0 
   Isoleucine 8.4 
   Leucine 12.4 
   Lysine 14.2 
   Methionine  5.2 
   Methionine + Cysteine 9.5 
   Phenylalanine 8.4 
   Phenylalanine + Tyrosine 13.5 
   Threonine 3.2 
   Tryptophan 2.3 
   Valine 9.2 
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Table A.4 Combined effects of purified dietary fiber and supplemental threonine concentration 
on growth performance of young chicks prior to E. maxima inoculation (d 0-10 post-hatch)1 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of 
supplemental Thr (1.8, and 5.3 g/kg).    
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4     Main effect of Thr (P < 0.01). 
5     Fiber *Thr interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Cellulose
Supp. Thr Conc., g/kg 1.8 5.3 1.8 5.3 SEM2
Gain, g/chick5 29.5c 39.8a 32.7bc 37.6ab 1.30 
Feed Intake, g/chick 59.6 64.5 65.0 62.1 1.95 
Gain: Feed, g:kg4 494.2b 617.6a 506.2b 606.2a 14.14 
 111 
 
Table A.5 Combined effects of purified dietary fiber and supplemental threonine concentration on growth performance of young 
chicks infected with E. maxima coccidiosis (d 10-16 post-hatch)1 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of supplemental Thr (1.8, and 5.3 g/kg).    
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4   Main effect of Fiber (P < 0.01). 
5   Main effect of Thr (P < 0.01). 
6   Main effect of Infection (P < 0.05). 
7   Fiber*Thr interaction (P < 0.01). 
8   Fiber*Infection interaction (P < 0.01). 
9   Thr*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Cellulose 
Infection Status Uninfected Infected Uninfected Infected
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3
Gain, g/chick5,6,7,8 31.4b 43.0a 26.8b 44.4a 27.6b 32.8b 33.2b 42.5a 1.93
Feed Intake, g/chick5 65.3ab 74.5ab 60.6b 82.1a 69.1ab 78.1a 70.2ab 73.0ab 3.85
Gain:Feed, g:kg4,5,6,8,9 480.5bc 577.9a 441.2cd 545.4ab 401.4d 420.8cd 475.4bc 580.0a 16.03
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Table A.6 Combined effects of purified dietary fiber and supplemental Thr concentration on cecal parameters of young chicks 
infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of supplemental Thr (1.8, and 5.3 g/kg). 
Contents of all replicates per treatment were pooled. 
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4    Values are expressed on a dry matter basis. 
5   Main effect of Fiber (P < 0.01). 
6   Main effect of Infection (P < 0.01). 
7   Fiber*Thr interaction (P < 0.05). 
ab Means without a common superscript letter differ within a row (P < 0.05). 
 
 
Feed Additive Silica Sand (Control) Cellulose
Infection Status Uninfected Infected Uninfected Infected
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3
Cecal Content Weight, g/chick4 0.06 0.06 0.08 0.08 0.06 0.09 0.08 0.08 0.009
Cecal Content pH6,7 6.0b 6.2ab 6.4ab 6.6a 6.3ab 6.1b 6.4ab 6.4ab 0.11 
Cecal Content DM, %5,6 26.5a 24.5ab 25.1ab 22.2ab 22.6ab 23.7ab 20.6b 20.8b 1.09
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Table A.7 Combined effects of purified dietary fiber and supplemental threonine concentration on cecal short-chain fatty acids 
(SCFA) and branch-chain fatty acids (BCFA) concentrations in young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of supplemental Thr (1.8, and 5.3 g/kg). 
Contents of all replicates per treatment were pooled. Values are expressed on a dry matter basis. 
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4     Main effect of Thr (P < 0.05). 
5     Main effect of Infection (P < 0.05). 
6   Fiber*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05). 
 
 
Feed Additive Silica Sand (Control) Cellulose  
Infection Status Uninfected Infected Uninfected Infected
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3 
SCFA          
Acetate5 6.8 7.3 11.4 12.2 7.4 10.6 10.2 12.8 1.44 
Propionate  1.4 1.1 1.6 1.8 1.1 1.7 1.6 2.0 0.26 
Butyrate 1.3 1.5 1.9 1.8 1.4 2.8 2.4 2.4 0.39 
Total SCFA 9.3 9.6 14.5 15.2 10.0 14.7 10.1 14.7 1.99 
BCFA          
Isobutyrate 0.20 0.16 0.17 0.17 0.18 0.16 0.11 0.11 0.024
Isovalerate 0.13 0.09 0.15 0.16 0.18 0.13 0.13 0.10 0.023
Valerate4,5,6 0.21ab 0.11b 0.32a 0.25ab 0.27ab 0.24ab 0.29ab 0.23ab 0.044
Total BCFA4,6 0.53 0.30 0.60 0.46 0.63 0.53 0.41 0.36 0.076
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Table A.8 Combined effects of purified dietary fiber and supplemental threonine concentration on gene expression of pooled cecal 
tonsils and ileal mucosal scrapings (reported as fold-change) in young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of supplemental Thr (1.8, and 5.3 g/kg).  
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4   Pooled from 2 chicks per replicate of 6 chicks. 
5   Pooled from 6 chicks per replicate of 6 chicks. 
6    Main effect of Fiber (P < 0.05). 
7    Main effect of Thr (P < 0.05). 
8    Main effect of Infection (P < 0.05). 
9    Fiber*Thr interaction (P < 0.05). 
10    Thr*Infection interaction (P < 0.05). 
11   Fiber*Thr*Infection interaction (P < 0.05). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Cellulose
Infection Status Uninfected Infected Uninfected Infected
Supp. Thr Conc.2, 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM3 
Cecal Tonsils5          
IL-12 0.9 1.2 1.0 1.4 1.4 1.4 1.4 1.8 0.22 
IL-1β6,7,9 1.1b 1.9ab 2.2ab 1.5ab 1.5ab 3.1a 2.2ab 3.1a 0.40 
IL-8 1.6 1.1 1.3 1.2 1.0 1.6 1.3 1.3 0.20 
INFG6,8,10,11 0.4b 0.4b 2.3ab 2.2ab 0.7b 2.3ab 4.0a 2.2ab 0.53 
Mucosal Scrapings4          
MUC27,9,10 1.4b 1.7ab 1.5b 1.3b 1.3b 2.4a 1.1b 1.4b 0.28 
IFNG6,8,10 0.6c 0.7bc 1.3bc 1.9bc 2.4abc 1.0bc 2.4ab 4.1a 0.42 
IL-128,10,11 0.65b 0.74ab 0.87ab 1.55a 1.15ab 0.79ab 0.96ab 1.12ab 0.189
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Table A.9 Combined effects of purified dietary fiber and supplemental threonine concentration on histological measures from ileal 
tissues in young chicks infected with E. maxima coccidiosis (d 16 post-hatch)1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1   Diets contained 7% silica sand (control), or cellulose with 2 (selected) concentrations of supplemental Thr (1.8, and 5.3 g/kg). 
Goblet cell density defined as number of goblet cells per m of villus height, and acidic, neutral, mixed goblet cells, and schizont 
counts displayed as number per villus. 
2   Supplemental threonine concentration. 
3   Standard error of the mean. 
4     Main effect of Fiber (P < 0.01). 
5     Main effect of Infection (P < 0.05). 
6     Fiber*Thr interaction (P < 0.01). 
7     Fiber*Infection interaction (P < 0.01). 
8     Thr*Infection interaction (P < 0.01). 
9     Fiber*Thr*Infection interaction (P < 0.01). 
abc Means without a common superscript letter differ within a row (P < 0.05).
Feed Additive Silica Sand (Control) Cellulose
Infection Status Uninfected Infected Uninfected Infected
Supp. Thr Conc.2, g/kg 1.8 5.3 1.8 5.3 1.8 5.3 1.8 5.3 SEM 
Villus Height, µm 298.7 254.4 317.9 296.6 232.4 312.2 279.9 267.1 20.46 
Crypt Depth, µm5 78.2ab 65.0b 96.6ab 106.7a 69.0ab 87.3ab 111.9a 111.6a 8.78 
Villus Height:Crypt Depth4,5 3.9a 4.0a 3.3abc 2.8c 3.4abc 3.6ab 2.7c 2.8bc 0.16 
Serosal Thickness, µm 103.8 81.4 94.4 101.3 91.2 103.7 88.6 78.2 8.40 
Total Goblet Cell Count 47.3 43.0 38.1 40.2 40.9 50.0 44.0 41.5 4.04 
Total Goblet Cell Density 0.16 0.17 0.14 0.14 0.18 0.18 0.16 0.14 0.015
Acidic Goblet Cells 37.1 41.1 39.6 37.4 40.0 52.0 43.7 40.4 4.31 
Neutral Goblet Cells5,6 0.03ab 0.02ab 0.00ab 0.00b 0.00ab 0.14a 0.00ab 0.00ab 0.027
Mixed Goblet Cells4,5,6,8,9 8.5a 2.3b 1.8b 2.8b 0.9b 2.4b 0.1b 1.6b 1.05 
Schizont Count4,5,7 0.0b 0.0b 2.1b 4.0b 0.0b 0.0b 22.9a 11.5ab 2.66 
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Intestinal Histology Collection Procedure 
Supplies 
 Scissors (sharp tip, NOT round tip) 
 Scalpel and scalpel blades 
o The type of blade does not matter 
 Tweezers (smaller the better) 
 3 or 5 ml syringes with no needle (luer lock or slip tip) 
o Depending on the age of the chick and the diet, the intestine may be small enough 
where a needle on a 5 ml syringe is needed to flush the tissue 
 Dissection mats 
 Gloves 
 Small stapler and staples 
o Stapler lip should not press to meet the foot of the stapler or it will crush the 
tissue 
 Manilla Folder with no ink 
o 2” squares  
o Label with the treatment and replicate in large font on the back and in small font 
in the front right corner 
 USE PENCIL ONLY 
 2 glass beakers  
o One for clean PBS and one for dirty PBS 
 Cassettes (labeled in Pencil) – round samples 
 Cassette sponges 
o 2 per cassette 
 Jars: 2-4 oz, 43-500 to 53-100 size cap, and about 2’ tall 
o Jars should hold 2 pieces of cardboard (2 tissues) back to back, standing on end  
Solutions 
 Neutral Buffered Formalin (NBF) 
o 2 ml of formalin per 100 mg of tissue 
o Put amount needed into each jar 
 Phosphate Buffered Saline (PBS) 
o 5-10 ml / piece of tissue 
o Ingredients: (makes 1 Liter) 
 KCl 0.2 g 
 KH2PO4 (monobasic) 0.2 g 
 Na2HPO4 (dibasic) 0.61 g 
 NaCl 8.0 g 
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o Directions: (No more than a few days before use) 
 Weigh ingredients in weigh boats 
 Fill a little DDI water into a 1000 ml volumetric flask 
 Flush weigh boats into volumetric flask using the DDI water squirt bottle 
 Swirl solution until all substance is dissolved 
 Fill volumetric flask to the 1000 ml line with DDI water 
 Cover with paraffin 
 Invert at least 3 times 
 Measure PH (should be around 7.2) 
 Put into storage container and refrigerate until use 
 50% Ethanol 
o Makes 1 Liter 
o Ingredients: 
 95% ethanol 
 DDI water 
o Directions: 
 95 + X = 50 
 = 52.6% ethanol 
 = 100 – 52.6 = 47.4 % DDI water 
 526 ml 95% ethanol + 474 ml DDI water = 1 liter of 50% ethanol  
Collection Procedure: 
At the Farm: 
 Duodenum: Wrapped around the pancreas distal to the stomach 
 Jejunum: From the end of the duodenum to the Meckel’s diverticulum 
 Ileum: From the Meckel’s diverticulum to the ileal-cecal junction 
 
1. Euthanize birds via effixiation with CO2 
2. Cut the skin with scissors at the base of the breast and pull up on the skin until the 
entrails are exposed 
3. Cut the thin layer of skin covering the organs and carefully pull out the intestine 
4. Cut out the section of intestine of interest 
a. Handle samples gently 
5. Flush tissue using a 5 ml syringe with PBS (can reuse the syringe for multiple tissues) 
a. Pull PBS from clean PBS beaker 
b. Flush tissue over the dirty PBS beaker 
c. Flush with a slow even pressure 
6. Cut piece of tissue wanted ~1/2 in long 
a. Place ½” intact tissue on folder square 
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b. Use scissors to gently cut the piece open  
c. Carefully make sure the tissue is flat without touching the middle with the 
scissors 
d. Staple immediately on the top and bottom edges of the tissue to keep it flat 
e. Place in the specified jar of NBF and store for 24-48 hours for fixation of the 
tissue 
At the Lab (24 - 48 Hours Later): 
 Leave tissue in NBF for 24-48 hrs then transfer into 50% ethanol 
 
1. Make sure you have a sample list to keep track of the samples you process 
2. Take sample out of NBF using tweezers and place on the dissection mat 
3.  Use scalpel to cut the tissue next to each staple 
4. Slide tweezers under the sample 
5. Dip sponge in 50% ethanol and place in cassette 
6. Place sample on the sponge in the cassette 
7. Dip another sponge in the 50% ethanol and place on top of the sample in the cassette 
8. Close cassette and place in jar containing 50% ethanol 
9. Repeat with all samples 
10. Samples can remain in 50% ethanol until processing 
a. If samples remain in NBF until processing, they become brittle and have a better 
chance of shearing during the cutting process 
   
 
